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Optical semiconductors are widely used in our everyday life in applications such as 
receivers, modulators, and light sources in the field of telecommunication, as light emitting 
devices (LEDs) and lasers in displays, and as white LED sources of illumination light, to name 
a few.  New, modern age, technologies aim not only to make our life more convenient but also 
to address environmental conservation requirements such as, for example, small energy 
consumption and non-dangerous release of hazardous materials.  Optical semiconductor 
devices are also expected to have a key role in these technologies.  Regarding the illumination 
light sources, LEDs are now under development toward achieving high electric power to output 
light power energy conversion efficiency.  The critical issues for improving the external 
quantum efficiency (EQE) of LEDs are increasing the internal quantum efficiency (IQE) and 
augmenting the electron and hole (carrier) injection efficiency and light extraction efficiency.  
The IQE is known to be reduced by several factors, such as carrier leakage from quantum well 
active layers, nonradiative carrier recombination via deep states of crystal defects, Auger 
recombination, surface recombination, and more.  Fast radiative and slow nonradiative 
recombination rates are required to achieve high IQE values.  The use of advanced crystal 
growth techniques for III-nitride semiconductors helps to reduce the defects density 
dramatically.  Threading dislocation density of gallium nitride (GaN) bulk crystal has been 
reduced to the order of 10
4
 cm
-2
 by hydride vapor phase epitaxy (HVPE) and the 
ammonothermal method. [1, 2]  IQE values of over 90% were achieved for Ga0.85In0.15N/GaN 
quantum wells. [3]  For blue to green color LEDs based on GaInN/ GaN quantum well 
structures, the threading dislocation density was approximately 10
9
 cm
-2
, but the LEDs could be 
produced on commercial basis.  This value of threading dislocation density was five orders of 
magnitude larger than that obtained in formerly used III-V semiconductors that were utilized in 
red to infrared LEDs and laser diodes (LDs).  The origin of such a high IQE value in ref. [3] is 
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attributed to the carrier localization around high indium mole fraction area and short diffusion 
length of holes as minority carriers. [3, 4]   
However, the problems related to nonradiative recombination still remain unless the 
density of nonradiative recombination centers decreases.  Recent development of nitride-based 
light emitting devices is directed toward high efficiency red color and ultraviolet devices using 
GaInN or AlGaN.  In these emission wavelength regions, the value of IQE drastically 
decreases as the wavelength becomes longer or shorter, respectively. [5, 6]  Auger 
recombination, reduction of the radiative lifetime due to the quantum-confined Stark effect 
(QCSE), and defects generated by the alloy compositional inhomogeneity were discussed as the 
origins of the efficiency droop in blue and green emission wavelength regions.  In ultra violet 
region, Collazo et al. reported that the luminescence observed around 3.5 eV originates from the 
deep states of carbon impurity on nitrogen site.  They observed the difference in the peak 
energy between the absorption and luminescence spectra, which was attributed to the emission 
with the lattice relaxation (Frank-Condon shift). [7]  By using deep level transient spectroscopy, 
Sugawara et al. observed the deep state Al0.26Ga0.74N, located in a range of 1.5-2.3 eV from the 
conduction band minimum. [8]  Uedono et al. utilized positron annihilation technique and 
found that deep states, located in a range of 3-5 eV in Al0.26Ga0.74N, originate from the 
aluminum vacancy and oxygen complex. [9]  However, the origins of the IQE reduction are 
still unclear.  In the case of indium nitride (InN), nonradiative recombination is the dominant 
recombination process in carrier recombination processes. [10]  
In the case of the nonradiative carrier recombination via deep defect states, the 
nonradiative recombination rate is determined by the density of crystal defects as nonradiative 
recombination centers, minority carrier transport processes to the nonradiative recombination 
centers, and thermal activation processes of nonradiative recombination processes (i.e., the 
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phonon transport processes).  Even though nonradiative recombination properties of II-VI, 
III-V, and III-nitride materials are reported to have many issues, almost all of the analyses were 
conducted on the basis of the correlation between the crystal defect density and emission 
intensity or carrier lifetime. [3, 11-13]  Effects of minority carrier transport and thermal 
activation processes still remain unclear.  However, a quantitative analysis of minority carrier 
transport, thermal activation, and the resultant nonradiative recombination rate has not been 
carried out for nitride semiconductors.  This thesis presents the analysis of nonradiative 
recombination processes by taking account of the minority carrier transport and thermal 
activation of the nonradiative recombination processes. In particular, the phonon-triggered 
thermal activation processes are investigated.   
The effect of carrier transport processes, including diffusion and drift, on the nonradiative 
recombination was discussed for III-V semiconductors. [14, 15]  For GaN and related alloys, 
minority carrier diffusion length was reported to be as short as 50 nm. [3]  This is not 
consistent with the properties of other III-V semiconductors.  On the other hand, InN has large 
electron mobility, reflecting its small effective electron mass.  That is to say, InN has peculiar 
properties of carrier diffusion length as long as III-V materials, and electron-phonon interaction  
competitive with other nitride semiconductors.  It is expected that the carrier recombination 
processes in InN will be highly affected by the minority carrier transport and thermal activation 
by phonon absorption. 
InN is one of the binary compounds of III-nitride semiconductors. Because of the small 
band-gap energy of 0.63 eV at room temperature and large electron mobility of over 3000 
cm
2
/Vs, InN–related materials are expected to be applied to new infrared light emitting devices 
and high speed optical switching devices. [16-18]  However, there are several constraints that 
limit the experimental processes and analysis due to high residual electron density of 10
17
 cm
-3
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or higher, and the resultant degenerated nature of conduction band, as well as an increased 
density of surface electrons that reaches 10
13
 cm
-2
.  Regarding the carrier scattering processes 
by crystal defects, a multi-layer model is sometimes adopted in the analysis because the film 
thickness is limited to a few micro-meters and because it is not possible to utilize thick films 
consisting of inner part except for the surface and interface as the dominant region. [19, 20]  In 
classical Hall measurements an average conductivity is detected, even when several conduction 
channels are included.  An analysis using variable magnetic field was reported before; however, 
the distribution of current in a film had not been resolved yet.  Thus, the carrier transport 
properties have not been satisfactorily investigated.  In this thesis, an infrared (IR) reflectance 
analysis is adopted because it is known that the dispersion of refractive index allows extracting 
information on the depth profile of carrier density and scattering rate. [21, 22]    
There are several issues related to the carrier recombination properties of InN.  Almost 
all of the existing reports deal with n-type materials; the analysis for p-type films could not be 
conducted due to the very weak luminescence from these films. [23- 26]  The effect of large 
minority carrier (electron) mobility on nonradiative recombination rate has not been 
investigated.  A lifetime of a few nano-seconds at low temperature was reported, which means 
that the radiative recombination process is not dominated by exciton recombination. Several 
groups reported that Auger recombination is the dominant recombination process in InN and in 
other narrow gap semiconductors. [27, 28]  However, the effects of additional factors leading 
to the reduction of radiative efficiency are still unclear. 
One of the peculiar properties of III-nitride semiconductors is large phonon energy and 
strong electron-phonon interaction, which is reflected in the values of 1/(∞)-1/(0), Fröhlich 
interaction strength.  These values are 3 to 5 fold larger than those of III-V semiconductors. [6, 
29]  Compared to other III-V materials, several phenomena related to these stronger electron – 
6 
Chapter 1 
phonon interaction properties are reported: distinct longitudinal optical (LO) phonon replica in 
PL spectrum, fast carrier relaxation time on the order of 10
-13
 s, re-absorption of phonons in 
carrier relaxation processes, and more. [30-34]  In the processes leading to the reduction of the 
radiative efficiency, this thesis focuses on the nonradiative recombination by phonon emission  
in InN films.  In particular, this process is investigated by taking account of the minority 
carrier transport processes and phonon-triggered thermal activation processes due to the large 
electron mobility and strong electron-phonon interaction of InN films. 
This thesis is structured as follows.  In Chapter 2, the present status of research on InN 
films, former works for carrier recombination processes in InN, and properties of InN and 
related crystals are described in details.  In Chapter 3, the experimental systems that are used in 
this work are described. Because of the existence of the surface electron accumulation layer in 
InN films, it is difficult to estimate the carrier density and mobility by Hall measurements.  
This problem is overcome by using IR spectroscopy.  Radiative and nonradiative 
recombination rate are affected by the carrier density and mobility in bulk region.  Carrier 
transition processes in InN are observed by mid-infrared PL measurements by using Fourier 
transform infrared spectroscopy (FT-IR) system.  In Chapter 4, we discuss the effects of 
several types of nonradiative recombination processes such as Auger recombination, surface 
recombination, and recombination via deep defect states by phonon emission.  The dominant 
recombination processes in InN are shown.  In Chapter 5, we discuss the effects of minority 
carrier transport processes on nonradiative recombination rate.  The carrier capture processes 
in InN and the nature of nonradiative recombination centers are shown.  Carrier recombination 
model is presented by taking the characteristics of n-type and p-type InN films.  In Chapter 6, 
the potential energy structure of electron-lattice system in the vicinity of nonradiative 
recombination centers is investigated.  Analysis has been conducted on the basis of the rate 
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equations.  In Chapter 7, we discuss the effects of thermal activation and phonon transport 
processes on nonradiative recombination rate. Finally, in Chapter 8, the conclusions of the 
present research are presented. 
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Chapter 2 
Research Background of Carrier Recombination 
Processes in InN 
 
 
Abstract 
     In this chapter, analysis methods of nonradiative electron and hole recombination by 
phonon emission processes in previous III-V and nitride semiconductors are presented.  The 
rates of nonradiative recombination by phonon emission processes are determined by minority 
carrier transport processes, the thermal activation rates of nonradiative recombination channels 
by phonon absorption, and the density of nonradiative recombination centers.  However, the 
effects of minority carrier transport and thermal activation processes on nonradiative 
recombination rates are not understood numerically for any type of semiconductor.  InN has 
large electron mobility, over 3000 cm
2
/Vs, and 3-5 times stronger electron-phonon interaction 
than that in previously studied III-V semiconductors.  Due to these properties, it is expected 
that carrier transport and thermal activation processes have a greater effect on nonradiative 
recombination rates in InN films than they do for other III-V and nitride semiconductors.  
Several properties and previous analyses related to nonradiative recombination in InN are also 
described in section 2.2. 
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2.1 Nonradiative recombination processes 
 
Electron and hole (carrier) recombination processes such as Auger recombination, surface 
recombination, and recombination via deep states accompanied by phonon emission have been 
investigated as candidates for the dominant process in nonradiative carrier recombination.  
Besides the degradation of the light emission properties of devices due to nonradiative 
recombination, the possibility of phonon emission inducing crystal defects has also been 
investigated. [1] In this chapter, a summary of the present state of research on nonradiative 
recombination is presented, focusing on processes accompanied by phonon emission.  This 
type of recombination process is attributed to point defects or complexes.  The quantitative 
characterization of Auger and surface recombination in InN films is described in Chapter 4.   
Figure 2.1 shows a schematic illustration of nonradiative recombination inducing phonon 
emission.  The rate of this type of recombination is determined by the factor of ➀ minority 
carrier transport efficiency to the nonradiative recombination centers, ➁ the thermal activation 
probability of the carrier-lattice system around nonradiative recombination centers, 
 
 
Figure 2.1 Schematic illustration of nonradiative recombination by phonon emission 
processes. 
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which is caused by phonon transport, and ➂ the densities of nonradiative recombination 
centers.  Almost all previous analyses of nonradiative recombination processes have been 
conducted only in view of the relationship between the density of defects or impurities and 
luminescence intensity or luminescence lifetime (➂ in Fig.2.1).  Sugahara et al. reported that 
threading dislocations act as nonradiative recombination centers in GaN, on the basis of a 
correlation between the cathode luminescence (CL) image structure of dark spots or lines and 
the image structures of threading dislocations observed with a Transmission Electron 
Microscope (TEM). [2]  In the case of InN, Akagi et al. observed that dark spots originate 
from the threading dislocations by infrared (IR) CL spectroscopy and mapping.  They expected 
two possibilities for origins of these dark spots: 1. threading dislocations acting as nonradiative 
recombination centers, and 2. reduced recombination probability for electrons and holes because 
of the large band bending around the dislocation core. [3]  Point defects from dislocations make 
distinguishing the origin of dark spots difficult, using these techniques.  On the other hand, 
Chichibu et al. investigated the correlation between the photoluminescence (PL) observed by 
time-resolved PL (TRPL) measurements and threading dislocation density in GaN. They 
observed that PL lifetime decreases with an increase in the density of gallium (Ga) vacancies 
and related complexes, while the radiative lifetime showed no dependence on the threading 
dislocation density. [4, 5]  Here the density of group III vacancies was analyzed with a positron 
annihilation technique.  They pointed out that the candidate of nonradiative recombination 
centers in GaN, and AlxGa1-xN with AlN mole fractions of 0.35 – 0.52 are complexes of group 
III vacancies. [4]  In the case of III-V semiconductors, it is expected that oxygen acts as a 
nonradiative recombination center. [6]   
Occasionally the effect of minority carrier transport on the nonradiative carrier 
recombination rate has been pointed out [7], however, this effect has not been numerically 
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analyzed.  The nonradiative recombination rate coefficient BNR is often described by the 
following equation 
 
   dvvfvvB  NR                                                  (2-1) 
 
Here, v is the minority carrier velocity, (v) is a captured cross section of carriers, and f(v) is the 
Fermi distribution function.  This equation is valid when the mean free path of minority 
carriers is long enough relative to the distance between nonradiative centers.  For GaN, the 
mean free path of electrons at room temperature is calculated to be approximately 200 nm when 
the optical mobility is 1200 cm
2
/Vs. [8]  When the point defect density is on the order of 10
15 
cm
-3
, which is below the detection limit of the positron annihilation technique [9], the average 
distance between the point defects is approximately 100 nm.  In the case of InN, electron 
mobility inside the grains of over 4000 cm
2
/Vs was obtained, even though the threading 
dislocation density was greater than that of GaN. [10]  Equation (2-1) is judged to be 
unsuitable for calculating carrier dynamics in nitrides.  Therefore, the differences in carrier 
mobility among the samples are taken into account in this study of nonradiative recombination 
probability. 
It is predicted that short diffusion length of minority carriers of holes is one of the factors 
maintaining radiative efficiency.  The diffusion length of holes acting as minority carriers is 
estimated, from CL measurements, to be below 50 nm. [1]   Kaneta et al. observed the effect 
of the minority carrier diffusion and the band edge level fluctuation on the radiative efficiency 
in GaInN/GaN quantum well (QW) structures using scanning near-field optical microscopy 
(SNOM).  They explained the carrier recombination processes with a model based on carrier 
transport processes in GaInN/GaN QW structures. [11]  Chichibu et al. also observed a short 
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hole diffusion length of approximately 50 nm in GaInN, and explained that this short carrier 
diffusion length and carrier localization mechanism are the origins of the high radiative 
efficiency in blue light emitting GaInN alloys even though they have larger threading 
dislocation densities, on the order of 10
9
 cm
-2
, than those in III-V semiconductors, which are on 
the order of 10
4
 cm
-2
. [4]  In the case of InN, minority carrier hole mobility of 39 cm
2
/Vs at 
room temperature was observed using a light-induced transient grating (LITG) technique. [12]  
Imai and Ishitani et al., using IR reflectance measurements, obtained a scattering rate for holes 
acting as minority carriers of 0.6×10
14 
s
-1
.  This corresponds to a hole mobility 47 cm
2
/Vs when  
assuming an effective heavy hole mass of m
*
hh = 0.60m0. [13]  However, the radiative 
efficiencies of the ultra-violet and near-infrared wavelength regions for on AlN, AlGaN, InN, 
and GaInN with high-InN mole fraction are still lower than that in the 350–530 nm wavelength 
region.   
Temperature dependence of photoluminescence (PL) intensity is often used to analyze 
nonradiative recombination.  The thermally-induced increase in the nonradiative 
recombination rate is attributed to an increase in thermal velocity of carriers and the activation 
of nonradiative channels.  The following equations are often adopted to fit the 
temperature-dependent PL intensity. 
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Here, A1 and A2 are constants. E1 and E2 are activation energies for the carrier decay 
channel.  I0 is the PL intensity at 0 K. kB and T are the Boltzmann constant and crystal 
temperature, respectively.  The number of exponential terms is based on the number of decay 
channels that to the reduction in PL intensity with rising crystal temperature.  However, these 
models do not correctly reproduce the recombination processes in many cases. Several 
recombination processes take place, involving conditions such as deep states, donor levels, 
acceptor levels, and localization states.  Carrier distributions among these states also change 
with a rise in the crystal temperature.  Eqs. (2-2) and (2-3) do not take this effect into account.  
Khan et al. estimated the activation energy of nonradiative recombination and Mg acceptors in 
Mg-doped n-type InN, based on Eq. (2-2).  They obtained thermal activation energies of 7.5 – 
10.0 meV and 54 meV for the nonradiative recombination channel and Mg acceptor states, 
respectively. [14]  Hole transition processes between the Mg acceptor state and the valence 
band were not taken into account in their analysis.  Several groups have reported that shallow 
hole localization states are located above the valence band (detail described in section 2.3). 
[15-17]  Shu et al. estimated the activation energy for the nonradiative recombination channel 
and hole localization states using Eqs. (2-2) and (2-3).  They obtained thermal activation 
energies of 30 meV and 7 – 14 meV for nonradiative recombination channel and hole 
localization states, respectively.  However, carrier transition between the valence band and hole 
localization states due to the increase in the crystal temperature was not taken into account in 
their analysis. [18]  Elemental carrier dynamics are surveyed below and Chapter 6, and carrier 
redistribution is analyzed using a series of rate equations, leading to a modeling function for 
temperature-dependent PL intensity. 
Ishitani et al. proposed the rate equations in n-type InN films as follows. [17] 
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They considered hole localization states above the top of the valence band and the hole 
transition process between the valence band and hole localization states.  nh1 and nh2 are the 
hole densities in the valence band and hole localization states, respectively.  B01, B02, B1, Fij 
are: the radiative recombination rate coefficient for carriers in the valence band; the radiative 
recombination rate coefficient for carriers in the localization states; nonradiative recombination 
rate coefficient; and hole transition rate between the valence band and hole localization states, 
respectively.  Lex is the hole generation rate.  Under the condition of residual electron density 
ne0>>nh1, they obtained the following analytic formula on the basis of the above equations. 
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Here, E1 and E2 are the activation energies for shallow hole localization states and nonradiative 
recombination, respectively.  C1 and C2 are constants and are expressed with the nonradiative 
recombination rate coefficient, and the densities of hole localization states and nonradiative 
recombination centers. [17] We discuss the validity of these analytical equations in chapter 6 
including p-type samples. A derivation of the analytical formula (2-5) is presented in Appendix 
1. 
Carrier capture by deep defect processes were intensively investigated in alkali halide 
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crystal and III-V compound semiconductors.  Carrier capture by deep defect processes 
inducing large lattice relaxation were also observed in GaAs, GaP, and other materials. [19]  
Figure 2.2 (a) shows a schematic illustration of nonradiative recombination by the multi-phonon 
emission (MPE) process at a neutral defect of acceptor nature, in the case of electron capture by 
a neutral defect.  Figure 2.2 (b) shows a configuration coordinate diagram of nonradiative 
recombination accompanied by the MPE process. [19, 20]  As shown in Fig. 2.2 (a), in a 
neutral condition, defect state is located near the conduction band minimum level.  After the 
activation of the recombination channel begins electron capture, D
0
, the defect state, moves 
down to D
-
 state by multi-phonon emission.  Nonradiative recombination is completed when 
the electrons completely transfer to the ground state.  The nonradiative recombination rate is 
affected by whether or not this electron and hole capture occurs continuously.  f.e+fh shows 
the free electron and free hole, or excited, state.  f.e+t.h or t.e+f.h shows the free electron 
(hole) or trapped electron (hole). g.s shows the ground state.  Two thermal 
 
Figure 2.2 (a) Nonradiative recombination by phonon emission process expressed in the real 
space and (b) by a model of configuration coordinate. 
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activation energies for electron capture by deep level defects and the transition to ground state 
are determined in Fig. 2.2 (b): Eact
e
 and Eact
h
.  Eth
e
 and Eth
h
 show the energy for thermal depth of 
electron and hole capture, respectively i.e. energy difference between the bottom of the excited 
state and the trap state or trap state and the ground state.  In the rate equations, the rate of 
electron capture in the deep level is assumed to be proportional to exp(-Eact/kbT).  However, 
when the condition Eact
e
 +Eth
e
 >Eth
h
 obtains, the hole capture process takes place without thermal 
activation energy.  The thermal activation energy is covered by the lattice relaxation energy 
following electron capture: D
0
 to D
-
. [21] 
In the case of GaN, Wetzel et al. observed D-X like centers related to oxygen by Raman 
scattering under hydrostatic pressure in a range of 0 – 38 GPa. [22]  Guo et al. also observed 
persistent photo current (PPC) in n-type InN films.  They reported that PPC comes from deep 
states with large lattice relaxation. [23]  Configuration coordinate diagrams are likely to be 
useful in the analysis of nonradiative recombination processes in nitride semiconductors. 
 
2.2 Characteristic properties of InN 
2.2.1 Band structure 
Indium nitride (InN) is a binary compound used in III-nitride semiconductors.  The 
band-gap energy was estimated to be 1.9 eV before the year 2000, when the sample crystals had 
a many crystal defects: dislocation density greater than than 10
10
 cm
-2
 and residual electron 
density much greater than 10
20
 cm
-3
. Some of the samples were grown by a sputtering method, 
causing the formation of polycrystals. [24]  With improvements in crystal quality, in particular 
by using plasma-assisted molecular beam epitaxy (MBE), band-gap energy values of 0.63–0.70 
eV were proposed. [25-27]  The energy shift of the absorption edge of the former samples was 
attributed to the Burstein-Moss shift due to the degeneration of the conduction band.  Ishitani 
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et al. observed, using infrared reflectance measurements, that the energy for the upper branch of 
the longitudinal-optical (LO) phonon-plasmon coupled mode (LOPC+ mode) did not depend on 
crystal temperature in a range of 5–300 K. [28]  This result indicates that residual electron 
density shows no temperature dependence, i.e., present samples of InN show a degenerate 
conduction band even at 4K; the Fermi energy is located above the conduction band minimum. 
[28, 31]  Wu et al. measured an energy band-gap of 0.64 eV at room temperature by using PL, 
absorption, and photo-reflectance measurement. [25]  Ishitani et al. showed that transition 
matrix element was independent of residual electron density in a range of 21017–11019 cm-3.  
They concluded that the observed absorption edge was caused by the electronic valence 
band-conduction band transition, rather than transitions via defects or impurity levels. [24] 
 
2.2.2 Conductivity control 
Recently residual electron density was reduced levels on the order of 1017 cm-3.  In 2012, 
Wang et al. reported a reduction of residual electron density of 1.47 ×10
17
cm
-3
 using 
plasma-assisted MBE (PA-MBE) growth of In-polarity samples. [29]  It is probably the lowest 
residual electron density at present.  In N-polarity InN grown at a 100 
o
C-higher temperature 
than the In-polarity samples, the residual electron density value is still on the order of 10
18
 cm
-3
. 
[30, 31] Li et al. reported that the conduction band minimum for InN is 0.9 eV lower than the 
Fermi stabilization energy. [32]  They observed the saturation of electron density with an 
increase in the density of donor type defects generated by dosing with energy particles, and 
determined the Fermi stabilization energies of group III nitride experimentally. [32] Several 
candidates for the residual electron density source in InN have been investigated.  Walukievicz 
et al. reported that electron density increases with an increase in the ionized particle dose.  
They predicted nitrogen vacancy to be a candidate for the residual electron density. [33]  Van 
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der Walle et al., using a theoretical calculation, reported that oxygen occupying nitrogen sites 
acts as a shallow donor.[34]  Incorporation of oxygen donors in high concentrations probably 
leads to an increase in the optical absorption edge, i.e., Burstein-Moss shift.  However, they 
proposed another impurity species, unintentionally doped, to be working as the main source of 
residual electrons: hydrogen that is stable as a double donor in a 2+ charge state. [34, 35] 
Electron accumulation on the order of 10
13
 cm
-2
 near the surface of an InN film was 
observed through electron energy loss spectroscopy and other experimental methods. [36] 
Analysis of X-ray photo-emission spectroscopy revealed the quantum energy levels in the 
wedge-shaped surface potential structure.[37]  This surface accumulation layer is one of the 
biggest problems for current injection in semiconductor devices, and also makes measuring the 
physical properties inside the bulk region difficult.  Van der Walle et al. used a first principles 
calculation to determine the density of states (DOS) of the surfaces of the c plane and the 
non-polar a and m planes.  They showed that in c plane growth samples, surface states 
stemming from occupied In-3In bonds and empty In dangling bonds have large DOS, above the 
conduction band minimum.  They predicted that m-plane surfaces have lower DOS of In 
dangling bonds than c-plane surfaces, and that the energy state level is above the conduction 
band minimum. [38]  Although reduction of the surface electron density was reported for 
ultra-clean non-polar surfaces [39], this phenomenon is not widely observed.  Investigation of 
the carrier dynamics in the bulk region, excepting the surface and interface regions, is reported 
below.  Carrier density and mobility in the bulk region was obtained with IR measurements, 
and is described in Chapter 3.  The carrier recombination characteristics near the surface are 
discussed in Chapter 4, taking into account the band bending in this region. 
In recent years, the reduction of residual electron density enabled us to achieve p-type 
conductivity by Mg doping. [40-42]  However, the existence of high-density electrons near the 
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surface and interfaces makes the detection of hole conduction using Hall measurements difficult. 
[43]  R. E. Jones et al. observed the existence of net acceptors beneath the surface 
accumulation layer using electrolyte capacitance voltage (ECV) measurements. [40]  Wang et 
al. achieved p-type conductivity both for In-polar and N-polar samples, and reported a window 
of Mg doping concentration that can obtain p-type conductivity.  Because of the lower residual 
electron density in un-doped In-polar InN, p-type conductivity was obtained with a lower Mg 
concentration of about 1.1× 10
18
 cm
-3
.  On the other hand, exceptional hole concentration, as 
high as 1×10
19 
cm
-3
, was obtained in N-polar p-type InN. [30, 31, 41]  Such a high hole 
concentration is sufficient for the fabrication of pn-junction devices. 
Wang et al. estimated the Mg acceptor activation energy to be approximately 47–66 meV 
from the PL-spectrum peak energies of Mg doped n-type samples. [42]  Fujiwara et al. 
obtained the Mg acceptor activation energies of p-type samples using PL spectrum and infrared 
spectroscopy.  They observed a decrease in the activation energy with an increase in Mg 
doping density.  The obtained activation energy at the minimum Mg doping density was 69 (± 
5) meV.  This variation was attributed to the potential overlapping of ionized Mg acceptors. 
[43] 
As stated above, the threading dislocation density of InN is approximately five orders of 
magnitude greater than that observed in GaN to date.  In spite of the high threading dislocation 
density, electron mobility over 3000 cm
2
/Vs are reported from Hall measurement analysis using 
a multi-layer model. [26] From infrared reflectance measurements, electron mobilities of nearly 
5000 cm
2
/Vs were also reported, based on the plasmon broadening energies. [44]  It is also 
inferred from infrared reflectance measurements that high resistance regions around the grain 
boundaries appear to minimally affect the spectra because of their small proportional volume.  
In contrast to IR measurement, Hall mobility is thought to be highly affected by high resistance 
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regions.  Ishitani et al. observed a strong correlation of anisotropic nature with the edge-type 
threading dislocation density and electron scattering rate. [44]  The reduction of dislocation 
density is expected to lead to further increases in electron mobility.  
 
 
2.2.3 Luminescence characteristics 
With the reduction of residual electron density, reduced spectrum peak energies of PL, as 
low as 0.63 eV, were observed. Luminescence efficiency, elementary processes of near band 
edge emission, and other luminescence characteristics are discussed below.   
Liu et al. reported that shallow hole localization states are located at a 1.4–16.0 meV higher 
position in the valence band. They based this finding on the temperature-dependent PL peak 
energy, fitted by an equation of combining of Varshni’s equation and a term for carrier 
localization.  Localization energy increases with an increase in donor-type defect density. [11]  
Mohanta et al. also observed the effect of carrier localization in Si-doped n-type InN films.  
They estimated the hole localization energy to be within a range of 20–25 meV, based on the 
energy dependence of PL lifetime. [45]  Ishitani et al. observed hole localization effects from 
 
 
Figure 2.3 AFM images of surfaces for representative InN films. (a) Grown on GaN template 
on -sapphire substrate. (b) Grown on HVPE growth bulk GaN substrate. [16] 1–2 m 
diameter grain boundaries are observed in the sample grown on GaN template (a). 
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the dependence of PL efficiency and PL peak energy on excitation power. [17]  They observed 
saturation of PL peak energy shift and reduction of PL efficiency with increasing excitation 
power density.  This phenomenon was attributed to the flow of minority carriers of holes from 
the localized states to delocalized states. 
Radiative efficiency of InN is still low, even at low temperature. PL intensity at room 
temperature differed only a few percent from that at low temperature. [17, 46]  PL intensity 
shows no saturation even at low temperature, i.e., nonradiative recombination occurs even at 
extremely low temperature. [17]  Even though there are several reports of achieving p-type 
conductivity in InN, its emission properties still unclear.  Wang et al. reported that PL intensity 
depending on the density of Mg doping drastically decreases when the samples have a net 
acceptor density. [42]  R. E. Jones et al. observed that the PL intensity diminished when the 
conductivity was p-type and the recovery of it from the p-type to n-type samples by over-doping. 
[40]  Possible factors affecting the lower radiative efficiency in p-type InN are: 1. higher 
probability of minority carrier transport to nonradiative recombination centers than n-type InN, 
2. generation of new defects of nonradiative recombination centers by the Mg doping, 3. the 
difference of majority carrier density related to radiative efficiency, and 4. the difference in the 
effective thermal activation energy in the configuration coordinate diagram. 
Luminescence related to 1LO and 2LO phonon replica were observed in a temperature 
range of 10–100 K. [47]  This result reflects nitride semiconductors’ property of strong 
electron-phonon interaction (details described in the following section).   
At room temperature or higher, electron-phonon Frölich interaction is one of the main 
electron scattering processes, in addition to scattering by crystal defects.  The Frölich 
interaction constantF indicating the interaction strength of LO phonons and electrons is 
expressed by following equation. [48] 
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(0) and (∞) are the static and the high frequency limit of the dielectric constant.  (0) is 
determined by the polarization of electrons and lattices.  (∞) is determined only by the 
polarization of electrons.  Figure 2.4 shows the LO phonon energy and 1/(∞)-1/(0) of several 
kinds of semiconductors. [49, 51]  As shown in Fig. 2.3, values of 1/(∞)-1/(0) for nitride 
semiconductors are 3–5 times larger than those of III-V semiconductors. Further, LO phonon 
energies of 70–120 meV for nitride semiconductors are 2–3 times larger than those of III-V 
semiconductors.  It is predicted that when a non-thermal equilibrium condition increasing the 
phonon occupation factor is formed by laser excitation, for example, the activation energy. Even 
for InN, with its small band-gap energy, the LO phonon energy is approximately 70 meV.  InN 
 
Figure 2.4 LO phonon energy and 1/(∞)-1/(0) value for several types of semiconductors. 
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has carrier mobility competitive with previous III-V semiconductors, except for nitrides.  Due 
to these properties, it is expected that the nonradiative recombination rate in InN is greatly 
affected by minority carrier transport and thermal activation processes.  
 
2.2.4 Physical parameters of InN and related materials 
Table 2-1 shows the physical parameters of InN used in this research.  The same 
parameters for AlN and GaN are also shown for comparison. 
TABLE 2-1 Physical parameters of nitride semiconductors. 
Parameter InN GaN AlN 
Lattice constant a (Å), c(Å) (T=300 K) 0.3533, 0.5693
a 
0.3189, 0.5185
a 
0.3112, 0.4982
a 
Band-gap energy (eV) (T=300 K, 0 K) 0.63, 0.69
a 
3.43, 3.51
a 
6.14, 6.25
a 
Density (g/cm3) 6.81
a,g 
6.15
a,g 
3.23
a,g 
Static dielectric const. s 10.8
b, g 
8.75
a, g 
8.5
a, g 
Dielectric const. at infinite frequency, 
∞ 
7.0
c 
5.04
a, g 
4.6
a, g 
Effective electron mass me*/m0 0.04-0.09
d, e, f, g 
0.20
h 
0.32
h 
Effective heavy hole mass mhh*/m0 0.60
i 
1.65
n 
1.65
n 
Effective light hole mass mlh*/m0 0.035-0.040
0
 0.15
n 
0.15
n 
Exciton binding energy (meV) 9
h 
24
h 
60
h 
A1(LO) phonon energy(meV, cm
-1)j 73, 586 91, 734 110, 890 
E1(LO) phonon energy (meV, cm
-1)j 74, 593 92, 741 113, 912 
A1(TO) phonon energy (meV, cm
-1)j 65, 447 66, 532 76, 611 
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E1(TO)phonon energy (meV, cm
-1)j 69, 476 69, 559 83, 671 
E2(low) phonon energy (meV, cm
-1)j 11, 87 18, 144 31, 249 
E2(high) phonon energy (meV, cm
-1)j 61, 488 70, 568 81, 657 
Thermal conductivity (W/m K) 176
k 
200
l 
320
m 
Reference: a[51], b[46], c[26], d[52], e[53], f[54], g[55], h[56], i[38], j[57] k[58], 
l[59],m[60],n[61],o[62] 
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Chapter 3 
Experimental Systems 
 
Abstract 
This chapter shows the experimental systems using the observation of carrier and phonon 
dynamics in InN films.  Phonon and plasmon properties, which were observed by infrared (IR) 
and Raman measurements in polar semiconductors are also described.  Electron or hole (carrier) 
density and carrier mobility was obtained by the analysis of IR reflectance spectra in a wavelength 
region of phonon and plasmon energy (10    100 m) observed by Fourier transform infrared 
(FT-IR) system.  Near and mid- infrared photoluminescence (PL) measurements were conducted 
in a wavelength range of 1.4 – 20 m by the system using single monochrometer and FT- IR, 
respectively. Raman scattering measurements were also conducted by confocal system. 
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3.1 Introduction 
The nonradiative carrier recombination properties were analyzed in view of minority carrier 
transport, activation of carrier capture channels in a series of nonradiative recombination processes, 
and density of crystal defects.  The screw type and edge type threading dislocation densities of 
each sample were referred to the former reports on the present samples. [1]  The majority carrier 
density was obtained from infrared reflectance or ellipsometry measurements, which enabled us to 
obtain the information of the inner bulk region except for the surface and interface region.  As 
explained later, the contribution of electrons accumulated in the vicinity of the surface to the 
reflectance spectrum was not detected.  Thus using a layer model of the bulk region/ interface 
region on the substrate/ GaN/ sapphire, the carrier density and also the carrier mobility were 
obtained.  Here, the LO phonon – plasmon coupling mode energies were analyzed.  The 
anisotropy of the carrier scattering properties were obtained by polarization measurements.  In the 
following sections, the analysis scheme of the LOPC is described together with the experimental 
setup of Fourier transform infrared (FTIR) spectrometer.  Raman measurements were also 
conducted to detect the increase in phonon temperature reflecting the change of the thermal 
conductivity and phonon localization.   
Photoluminescence spectra were measured in the analysis of radiation efficiency and its 
temperature dependence.  The carrier generation was carried out in a wide range using several 
continuous wave (CW) light sources of diode lasers and a Ti: sapphire laser with a pulse width of 
150 fs.  Two detection systems were utilized depending on the wavelength: one for shorter than 
2.3 m and the other for longer wavelength up to about 20 m.  The experimental set ups of these 
measurements were explained in this chapter. 
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3.2 Fourier Transform Infrared (FTIR) measurement  
Fourier transform (FT) infrared (IR) spectrometer was used in mid to far infrared light 
reflectance and PL measurements.  Carrier density and mobility were obtained by IR reflectance 
analysis, which was free from fabrication of electrode on samples.  The measurements were 
conducted in the wavenumber range from 200 – 8000 cm-1, in which the TO and LO phonon 
energies of 440 – 480 cm-1 and 580 – 600 cm-1 were included.  From the wavenumber of TO 
phonons the strain of the lattice was characterized in conjunction with the result of X-ray 
diffraction measurements.  The carrier density and mobility were analyzed from the higher and 
lower energy branches of LO phonon – plasmon coupling modes.  The anisotropy of the plasmon 
characteristics were analyzed by polarized reflectance measurements.  The vibration vertical to 
the c axis was analyzed by s-polarized light.  Since the p-polarized light generate both the 
vibrations parallel and vertical to the c axis, and the properties of the vibration parallel to the c axis 
was analyzed by the p-polarized light using the obtained parameters on the vibration vertical to the 
c axis.  
As for the analysis of carrier scattering properties, there is a large difference in the electron 
scattering rate of InN between Hall measurement and IR reflectance measurement; the mobility 
from Hall measurements was limited to around 3000 cm
2
/Vs, whereas the values up to 4900 
cm
2
/Vs were obtained by IR reflectance measurements. [2, 3]  This difference was attributed to 
the following difference in the observation object between the two methods.  Hall measurements 
observe the serial resistance between the electrodes in macroscopic scale, on the other hand IR 
reflectance reveals the time and space average of the scattering processes of light-induced forced 
vibration of carriers with amplitude of less than 1 Å.  It was thought that the effect of the grain 
boundaries on the mobility analysis was more severe for Hall measurements, because the volume 
percentage of the boundary region of approximately less than 10% affects little the IR reflectance 
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analysis.  
Figure 3.1 shows the schematic illustration of FTIR system (Jasco, FT-IR 640 plus). Light 
source is IR light with color temperature of 1300 K.  IR reflectance measurements have been 
conducted using measurement chamber 2 with incidence angle of 30
o
 or 60
o
.  Reflectance spectra 
were obtained by dividing a reflection spectrum of a sample by a spectrum of the light reflected by 
a gold mirror.  Reflectance or transmittance light was detected by Deuterium Tri-Glycine Sulfate 
(DTGS) detector. 
Spectrum measurements were conducted by dividing into two wavenumber regions of 200 – 600 
cm
-1
 and 380 – 8000 cm-1 in polarization measurements.  Without a polarizer the wavenumber 
region was down to around 150 cm
-1
.   
 
 
 
 
 
Figure 3.1 Schematic illustration of FTIR system using this research. 
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3.2.1  Phonon and plasmon properties 
Figure 3.2 shows the optical vibration modes of wurtzite crystal structure including InN and 
other nitride materials.  By controlling the irradiated light polarization, both the information of 
A1 and E1 optical phonon modes was obtained.  A1 and E1 modes show the lattice vibration 
parallel and vertical to the c-axis, respectively.  In the case of the samples with the c-plane 
surface, the E1 mode was observed using s-polarization light.  P-polarization light reflectance 
brought us both the properties of A1 and E1 modes.  When the free carriers exist without 
screening of Coulomb interaction, free carriers are also vibrated by infrared light, and form 
themselves into a plasmon.  In this condition, additional two normal vibration modes called LO 
phonon-plasmon coupled mode (LOPC mode) are generated.   
In the spectrum analysis, the following two types of model dielectric function related to 
phonon and plasmon were utilized.  In the analysis in a wavenumber region below 4000 cm
-1
, the 
term of the band to band transition was ignored, whereas in a region including higher wavenumber, 
the term of electronic band to band transition was added. 
 
 
 
Figure 3.2 Infrared active optical phonon modes in wurtzite crystal structure. 
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Here, (0) and (∞) shows the static and high frequency dielectric constant, respectively. ETOj, Eplsj 
show the energy for transverse optical (TO) phonon and plasmon for j direction (j = c or //c), 
respectively. TOjγ  and  plsjγ   show the energy broadenings for TO phonon and plasmon.  
These broadenings were taken as a lifetime broadening:  shows the scattering rate.  Plasmon 
energy Eplsj  is expressed as follows. 
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When the properties of the LOPC modes are focused, the following dielectric function was 
adapted. 
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Here, ELPP+ and ELPP- show the energy for LOPC+ and LOPC- mode, respectively.  Optical 
mobility j
opt
 is expressed as follows. 
 
39 
Chapter 3 
plsj
*
j
opt
j


m
e
                                                             (3-4)  
 
ELPP± are obtained as the real part of the solution of (E) = 0 using eq. (3-1), which corresponds to 
the longitudinal wave propagation condition.  When the  is small, ELPP± are expressed by the 
following equation.  
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On the basis of equation (3-2) and (3-5), the energies of plasmon and higher and lower energy 
branches of LOPC modes as a function of the ratio of carrier density ne and effective electron mass 
me
*
: ne/me
*
.  Figure 3.3 shows a result of calculation in the case of n-type InN film.  As shown in 
 
Figure 3.3 Energy for LOPC+ and LOPC- modes as a function of carrier density in the case of 
n-type InN films. This result is calculated in the case of vertical to c-axis. 
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Fig. 3.3, energies for LOPC+ and LOPC- mode approaches to the LO phonon energy and plasmon 
energy modes, respectively, as the decrease in the electron density.  On the other hand, as the 
increase in the electron density, these two mode energies approach to the plasmon energy and TO 
phonon energy.   When the  is larger than 100 cm-1, LOPC mode energies are strongly 
dependent on the value of . 
The InN layer thickness was obtained by the analysis of the interference structure in an 
energy region of 2000-8000 cm
-1
 with account of the electronic band to band transition as follows.   
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Here, r, CV, C, m0 and kB are the reduced density of states, broadening factor of the 
interband transition, chemical potential energy scaled from the conduction band minimum, electron 
mass in the vacuum, and Boltzmann constant, respectively.  |PCV|
2
 and mr are the momentum 
matrix element and the reduced mass of an electron and a hole pair. ECV, CV, FV(E), and FC(E) 
denote band – gap energy, broadening factor for band to band transition, Fermi distribution 
function for valence band, and it for conduction band, respectively. 
Figure 3.4 shows examples of infrared reflectance spectra and fitting results: E695 and E747. 
Both the samples are undoped InN films grown on GaN layers on Sapphire substrates.  Energy 
position of LOPC+ mode denoted in Fig. 3.4 for E695 is close to the LO phonon energy in InN.  
The obtained electron density is 2.0×10
17
 cm
-3
.  The LOPC+ mode energy shifts to higher energy 
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side in E747 with higher residual electron density of 8.0×10
17
 cm
-3
.  Electron scattering rate for 
vertical to the c-axis were also obtained as 1.2×10
13
 s
-1
 for E695 and 1.4×10
13
 s
-1
 for E747.  The 
corresponding electron mobilities were 2080 cm
2
/Vs and 1780 cm
2
/Vs, respectively, when we 
adopted the effective electron mass of 0.07 m0.  
. 
3.3 Photoluminescence measurements 
Exciton biding energy of InN was estimated as approximately 7.3 meV using static dielectric 
constant of 10.8 and respective effective electron and hole masses of 0.07 m0 and 0.6 m0. [4, 5]  
Fig. 3.5 shows the absorption spectra of p-type InN with a hole density of 1.81018 cm-3.  This 
spectra were fitted by a model dielectric function without the exciton effect.  Residual electron 
density over 10
16
 cm
-3
 is estimated to causes the degeneration of conduction band and the screening 
 
Figure 3.4 Infrared reflectance spectra for undoped InN samples. White circles show the 
experimental results and lines show the fitting result by using a model dielectric function. 
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of the Coulomb potential of an electron-hole pair.  The electron density of the present samples 
were greater than this value.  Therefore, excitonic radiation was neglected in the analysis of 
observed luminescence.  
 
 
Figure 3.6 (a) PL spectra for undoped InN of ne0= 2.9×10
17
 cm
-3
 (sample No. E830) at 11 K and 
(b) for undoped InN of ne0 = 2.7×10
17
 cm
-3
 (sample No. E837) obtained by our measurement 
system. 
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Figure 3.5  An example of absorption spectrum and the fitting result of InN. Experimental and 
fitting results are expressed by white circles and red line, respectively. 
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Figure 3.6 shows the examples of the PL spectra in undoped InN films obtained by our 
measurement system.  As shown in Fig. 3. 6 (a), PL peak energy shifts to low energy side when 
the excitation power density decreases to 0.3 W/cm
2
. Excitation carrier density in the case of 0.3 
W/cm
2 
and 3.2 W/cm
2
 corresponds to 1.2 ×10
13
 cm
-3
 and 1.2×10
14
 cm
-3
, respectively when we 
assume the 0.2 ns of radiative recombination lifetime.  This peak shift originates from the hole 
localization states located above the valence band.  1LO and 2LO phonon replica were also 
observed by PL measurement in undoped InN with the residual electron density of 2.7×10
17
 cm
-3 
at 
low temperatures.  Holtz et al. observed temperature dependence of these phonon side bands 
(PSBs) peak energies. [6]  Peak shift of PSBs showed good agreement with the priory theory 
proposed by Segall and Mahan where,  TmTkmm B 






2
5
0PSBm  . 0 is the PSB 
energy at 0 K.  Phonon energy red shift with increasing temperature (thermal expansion of the 
lattice) is negligible. m = 1, 2 correspond to the case of 1 LO phonon side band and 2 LO phonon 
side band, respectively. [7]  
 
 
 
Figure 3.7 Schematic illustration of the PL measurement system. Absorption measurements can 
also conduct replacing equipments in dashed square using this system. 
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Figure 3.7 shows the near infrared (NIR) PL measurement system. Excitation sources are 
continuous wave (CW) laser diodes emitting 974 nm, 981 nm, 1060 nm, and 1550 nm lines.  In 
the system of the focusing of luminescence onto the input slit of the monochromator, off-axis 
parabolic mirrors with Al coating were used, and the chromatic aberration, that is inevitable for lens 
system, was eliminated.  The collected luminescence was dispersed by a monochromator   
(Shimadzu, SPG-120IR), and detected by a liquid nitrogen (LN) cooled InAs photo-detector   
(Hamamatsu, P7163).  Crystal temperature was controlled by a cryostat (Iwatani, D-50) in a range 
of 10-300 K.  The obtained PL intensity was calibrated according to the sensitivity of the 
detection system and the absorption spectrum of water vapor in the atmosphere.  Absorption 
measurements were also performed using this system, where a halogen lamp was used as the IR 
light source.  Figure 3.8 shows the calculated reciprocal dispersion of the monochromator as a 
function of wavelength.  Respective absorption spectrum of water vapor and calibrated sensitivity 
curve were also show in Fig. 3.9 and Fig.3.10. 
 
 
Figure 3.8 Calculated reciprocal dispersion curve for Shimadzu SPG120 – IR dependent on 
wavelength. 
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In the mid-infrared PL measurements in a wavelength region of 20 to 1.3 m, were 
conducted by using FTIR system.  Excitation sources are CW laser diodes emitting 974 nm, 
981nm, and 1060 nm lines.  Luminescence from a sample was collected by off –axis prabolic 
mirrors with gold coating, and induced to the FTIR system, and then detected by mercury- 
cadmium- tellurium (MCT) detector.  Obtained spectra are calibrated by the sensitivity of MCT 
detector and measurement system as shown in Fig. 3.11 (a).  Absorption loss by CO2 gas and 
water vapor in atmospheres are also calibrated by the spectra shown in Fig. 3.11 (b) and (c).  
 
Figure 3.10 Sensitivity curve of measurement system dependent on the wavelength. 
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Figure 3.9 Absorption spectrum of water vapor in atmosphere. 
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Figure 3.11 (a) Sensitivity of MCT detector and measurement system. (b) Absorption spectrum 
for water vapor in atmosphere. (c) Absorption spectrum for CO2 gas in atmosphere. 
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3.3. Raman scattering measurement systems 
Raman scattering measurements were conducted using a confocal system (Tokyo Instruments, 
Nanofinder HE).  Excitation light source was a 532 nm laser diodes, and the excitation laser light 
was incident onto a sample surface through the objective lens.  The spot diameter was estimated 
to be approximately 300 nm. Wavenumber resolution is 0.8 cm
-1
, and it becomes 0.2-0.3 cm
-1
 when 
the spectrum was fitted by model function.  Measurements were conducted by c-plane back 
scattering configuration.  Figure 3.12 shows the Raman active optical phonon modes in the case 
of c-plane back scattering configuration for wurtzite structure, and its polarization dependence is 
also summed up in table 3.1.  Figure 3.13 shows an example of Raman spectra of wurzite InN.  
Residual electron density of this sample estimated by IR measurements was 1.9×10
17 
cm
-3
.    
Raman signal was obtained by c-plane back scattering configuration, i.e.  zxxz , .  In this 
configuration, the active phonon modes of E2(low), E2(high), and A1(LO) were observed.  In this 
research, all measurements were conducted by this configuration. 
 
 
Figure 3.12 Optical phonon mode of wurtzite structure observed by Raman scattering measurements 
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TABLE 3.1 Active phonon modes in wurtzite structure at different measurement configuration. z 
direction corresponds to the parallel to the c-axis. [6] 
  
Measurement configuration Active phonon mode 
 xyyx ,  A1(TO), E2(high), E2(low) 
 xzzx ,  A1(TO) 
 xyzx ,  E1(TO) 
 yzyx ,  E1(TO), E1(LO) 
 zyyx ,  E2(high), E2(low) 
 zyxz ,  E2(high), E2(low) 
 zxxz ,  A1(LO), E2(high), E2(low) 
 
Figure 3.13 Example of Raman spectrum for undoped InN film with wurtzite structure obtained 
by  zxxz ,  configuration. 
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Chapter 4 
Dominant recombination processes in InN 
 
Abstract 
The dominant carrier recombination processes in InN is discussed.  The investigated 
recombination processes are Auger recombination, surface recombination, and nonradiative 
recombination via deep states.  It is found that Auger recombination and surface recombination 
are not the dominant process for the present samples with the residual electron density of the 
order of 10
17
 cm
-3
.  Although radiative transition via deep states is found at around 0.32 eV in 
mid-infrared PL spectra at room temperature, indicating the existence of mid-gap states, its 
intensity is weaker than that of band-edge emission by one order or more.  Thus the radiative 
process via deep levels is not the main origin of the loss of band-edge emission.  The PL 
intensity at low temperature is lesser for samples with greater threading dislocation density, 
while the decrease in PL intensity with temperature increase is independent of the dislocation 
density.  This result reveals that the existence of nonradiative recombination center except for 
dislocations; point defects and complexes are candidates.  Finally nonradiative recombination 
processes in InN films are modeled using a configuration coordinate diagram.  
52 
Chapter 4 
4.1 Surface recombination in InN 
As stated in chapter 2, electron accumulation layer around the surface with a few nm 
thickness and interface with the substrate exist in a InN film.  In PL measurements, excitation 
laser energies in our experiment are in a range of 0.8 - 1.2 eV (974 - 1550 nm).  Figure 4.1(a) 
shows near-infrared absorption coefficients  of undoped InN samples around the band gap 
energy.  Residual electron density in bulk regions of theses samples obtained by IR reflectance 
measurements were 2.0×10
17
cm
-3
, 3.2×10
17
cm
-3
 and 8.0×10
17
cm
-3
, respectively.  In this 
wavelength range, absorption coefficients were over 1.0×10
4
 cm
-1
.  By using of this result, 
light penetration depth was estimated to be 100 - 200 nm, and showed dependence on electron 
density in the bulk region: Fig. 4.1 (b).  Therefore, the proportion of surface region in the 
excitation volume is only a 5% or lower.  Further, in n-type samples, mean free path of the 
minority carrier (hole) was estimated to be approximately 10 - 15 nm by IR reflectance 
measurements at room temperature (see chapter 6). [1]  Thus, it is expected that almost all the 
holes recombines with electrons in bulk region before reaching to the surface or interface region. 
In the case of p-type samples, the emission from the high electron density region with the peak 
 
Fig. 4.1 (a) Absorption coefficient of several residual electron density samples. (b) Wavelength 
dependence of light penetration depth estimated by absorption coefficient in Fig.4.1(a). 
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wavelength of 1.8 m or shorter was not observed. [1, 2]  Brown et al. conducted PL 
measurements under positive biased condition, i.e. the condition of surface band flatting, and 
observed dropping of PL intensity.  This reduction of PL intensity is due to the injection of 
excited holes to surface region, and the resultant recombination via surface states.  In other 
words, under the non-biased condition, excited holes diffuse to the bulk region due to the strong 
downward band bending to the surface.  In the present PL measurements, the emission related 
to the surface recombination was not observed.  
 
4.2 Auger recombination in InN 
It is reported that Auger process is the major carrier recombination processes in III-V 
materials with high carrier density such as 10
18
 cm
-3
. [3]  Auger recombination is reported to 
be one of the processes reducing the radiative efficiency.  In nitride semiconductors, there are 
many reports on this process, in particular, as the candidate of the efficiency droop in GaInN 
based blue and green laser diodes. [4-6]  In the case of InN, several groups assert that Auger 
recombination is the dominant mechanism of the reduction of the radiative efficiency. [7-9]  
However, the effects of Auger recombination in nitride semiconductors are not yet understood 
well.  In this section, the effect of Auger recombination in InN is investigated theoretically. 
Figure 4.2 shows the schematic illustration of the mechanism of Auger recombination. 
Auger recombination rate is determined by the energy and momentum conservation.  Theses 
energy and momentum conservation also satisfied via phonon scattering, called phonon assisted 
Auger recombination.  In the case of non-degenerate semiconductor as in the present case, 
these Fermi statistics are replaced by Boltzmann statistics, and as a result, Auger recombination 
rate for two electrons and one hole system (eeh) n and one electron and two holes (ehh) p  
system are determined as follows. [10, 11]  
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pnCnn
2 ,                                                            (4-1) 
npCpp
2    
 
Here, Cn and Cp denote the Auger recombination coefficient of eeh and ehh processes, 
respectively.  n and p denote the electron and hole density, respectively.  Auger recombination 
probability becomes the highest when the energy and momentum conservation laws are satisfied.  
Hatakoshi et al. calculated Auger recombination coefficient in non-degenerate nitride 
semiconductors on the basis of the electron-hole energy band dispersion around - point in 
wurtzite and zinc-blend structure, respectively.  They reported that Auger recombination of eeh 
process occurs only in the wurtzite structure between 1 band and 3 band.  They also reported 
the energy difference between the 1 band and 3 band and its indium nitride mole fraction 
dependence in GaxIn1-xN (x = 0 - 1).  They concluded that Auger recombination rate for eeh 
process becomes the highest when the indium nitride mole fraction is 17%, which corresponds 
  
 
Fig.4.2 Schematic illustration of Auger recombination process. Black dots show the carriers before 
transition. White dots show transited carriers after Auger recombination. 
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to the emission wavelength of approximately 450 nm. [10]  In the case of InN, the energy 
difference between the 1 band and 3 band of approximately 2.5 eV is 4 times larger than the 
intrinsic energy band-gap value. [12]  Therefore, Auger recombination of ehh process is one of 
the candidates for the reduction of the radiative efficiency in InN.  Hatakoshi et al. calculated 
that Auger recombination coefficient Cp for ehh processes in InN is approximately 1×10
-31
 cm
6
/s.  
Several groups reported the experimental radiative recombination rate coefficient.  Chen et al. 
estimated the value of 3.0×10
-11
 cm
3
/s on the basis of the time resolved differential transmittance 
measurements. [13]  Liu et al. also estimated the value of 5.6×10
-11
 cm
3
/s from time resolved 
excitation correlation spectroscopy. [14]  Auger recombination and radiative recombination 
rates based on Eq. (4-1) and these values are in the order of 10
2
 s
-1
 and 10
7
 s
-1
, respectively.  
Here, residual electron density is assumed to be 1×10
18
 cm
-3
 which is predominant value of 
present status InN.  Excitation hole density is assumed as 10
15 
cm
-3
.  In our measurements 
excitation carrier density was controlled in a range of 10
13
-10
15 
cm
-3
.  Auger recombination rate 
is larger than radiative recombination rate by five orders magnitude. 
  
Figure 4.3 Schematic illustration of band diagram of wurtzite InN around  point. 
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In degenerated semiconductors, Haug reported that Auger recombination rate is 
proportional to the carrier density. [11]  Cho et al. reported that Auger recombination is the 
dominant nonradiative recombination process in degenerate InN films.  They estimated Auger 
recombination rate coefficient of (4.5±2)×10
-9
 cm
-3
/s from the electron density dependence of 
PL intensity fitted by an model equation also taking account of radiative recombination, 
nonradiative recombination via deep states besides Auger recombination.  In this analysis, they 
estimated the rate of nonradiative recombination via deep states by the ratio of the PL intensity 
at room temperature to that at extremely low temperature.  However, even for the present 
sample with the lowest residual electron density (~2×10
17
 cm
-3
), the PL intensity shows no 
saturation at low temperature. [16]  This result means that nonradiative recombination occurs 
even at low temperatures, and it is impossible to estimate the nonradiative recombination rate 
and internal quantum efficiency from the temperature dependent PL intensity in the present 
status of InN.  Further, residual electron densities of their samples are over 7.0×10
17
 cm
-3
.  
Nonradiative recombination rate becomes faster than that of their estimation: 6.0×10
9
 s
-1
.   
When we adopt their estimation values, Auger recombination is not the dominant recombination 
process in InN of residual electron density is on the order of 10
17
 cm
-3
.   
 
4.3 Carrier transition processes via in-gap states 
 
4.3.1 Carrier transition processes via deep states 
Figure 4.4 shows the mid-infrared PL spectra for In-polar undoped InN samples at room 
temperature (RT).  The excitation power of each measurement is approximately 320 mW,
 
where the excitation carrier density is in the order of 10
15
 cm
-3
.  Residual electron densities for 
the respective samples were estimated to be 2.0×10
17
 cm
-3
, 2.9×10
17
 cm
-3
, and 8.0×10
17
 cm
-3
 by 
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IR reflectance measurements.  At RT (Fig. 4.4), radiative band-edge emission is observed 
around 0.65 eV in all the samples.  The spectrum tails observed below 0.2 eV for all samples 
are the thermal radiation spectra, which are thought to originate from sample heating by phonon 
emission accompanying the energy relaxation of carriers by the laser excitation.  Besides the 
thermal radiation spectra, the emission peak around 0.32 eV is observed for all samples.  It 
probably originates from the radiative transition via deep states.  Figures 4.5 (a) and (b) show 
the results of mid-infrared PL measurements of N-polar samples at RT and 5 K, respectively.  
The Mg doping densities of the n-type, p-type, and over-doped samples are 1.3×10
17
 cm
-3
, 
6.0×10
18
 cm
-3
, and 4.2×10
20
 cm
-3
, respectively.  The electron or hole densities of n-type, p-type, 
and over-doped samples obtained by IR reflectance measurements are 9.9×10
17
 cm
-3
, 1.8×10
18
 
cm
-3
, and 5.6×10
18
 cm
-3
, respectively.  Since this emission peak was observed also for u-InN 
samples, it is expected that the emission peak observed around 0.32 eV is independent of the 
Mg doping.  On the other hand, at 5 K (Fig. 4.5 (b)), although the band-edge emission for the 
 
Figure 4.4 Mid-infrared PL spectra for undoped InN samples at RT. 
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n-InN sample is observed around 0.67 eV, the emission peak related to the deep states is not 
observed.  The emission peak intensity at RT around 0.32 eV is smaller than that of the 
band-edge emission in the n-InN sample by one order of magnitude.  Therefore, the processes 
of non-radiative recombination by phonon emission and radiative recombination via deep states 
are thermally induced, and besides the band-edge emission, the non-radiative process based on 
phonon emission is the dominant process in the carrier recombination.  To the author’s 
knowledge, this is the first report of an observation of mid-gap states in InN film. 
.  
4.3.2 Defects species leading to the thermal activated nonradiative 
recombination process 
As stated in section 4.1 and 4.2, surface recombination and Auger recombination 
processes are not the dominant recombination processes in the present experimental condition.  
Our group has found strong correlation between the PL intensity at low temperature limit and 
edge-type threading dislocation density in undoped InN samples as shown in Fig. 4.6.  On the 
 
 
Figure 4.5 Mid-infrared PL spectra for n-type, p-type, and Mg over doping samples at (a) 
room temperature and (b) 5 K. 
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other hand, the decrease in PL intensity as increasing temperature is independent of the 
threading dislocation density, which is reflected by a parameter (C2) in a model function 
expressing the temperature dependence of PL intensity (Eq. (2-5)).  This parameter is 
determined by the product of the transition matrix element and density of nonradiative 
recombination center .  This result shows that nonradiative recombination related to the 
edge-type threading dislocation occurs at low temperatures without activation energy.  Figure 
4.7 shows the schematic illustration of a model of recombination processes in the vicinity of 
edge-type threading dislocation.  According to a theoretical calculation of InN,[17] edge-type 
threading dislocation forms donor level above the conduction band minimum, and is positively 
charged.  From the analogy to the surface band bending, it is estimated that the downward 
band bending to a edge-type dislocation acts as potential barrier for holes.  
The crystal defects dominating the temperature dependence of the PL intensity is different 
 
 
Fig. 4.6 PL intensity of low temperature limit and a parameter C2 mentioned in the text that 
is obtained from the temperature dependence of PL intensity. 
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from dislocations, as it were, point defects or complexes are candidate recombination centers, 
where phonon emission accompanies the recombination.  This type of carrier recombination 
processes are expressed by configuration coordinate diagram (Fig. 2.2 (b)).  In the following 
chapters, we discuss nonradiative recombination processes on the basis of this recombination 
scheme. 
 
 
 
Fig. 4.7 Schematic illustration of carrier recombination model in the vicinity of edge-type 
threading dislocation. Ec and Ev means conduction band and valence band, respectively. ① 
Optical transition via deep states. ② Nonradiative recombination by phonon emission 
process (thermal activation process). ③Nonradiative recombination in the vicinity of 
edge-type dislocation via deep states formed by point defects or complexes.  Thermal 
activation is not indispensable for this type of recombination. 
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Chapter 5 
Effects of Minority Carrier Transport Processes on 
Nonradiative Recombination rate 
 
Abstract 
In this chapter, we discuss the effect of minority carrier transport processes on 
nonradiative recombination rate.  Majority and minority carrier scattering rate in p-type InN 
films are investigated. Discussion is focused on carrier capture processes by nonradiative 
recombination centers.  Increase in the nonradiative recombination rate with increasing the 
electron mobility was observed for the p-type samples with various electron mobilities.  Hole 
scattering rate in these samples show no difference. The candidate of the nonradiative 
recombination center in InN films is point defects or complexes of accepter nature. Further, the 
origin of lower radiative efficiency in p-type samples than that in n-type samples is investigated 
in view of minority carrier transport.  Electron and hole mean free paths as minority carriers 
are estimated to be 170 nm and 15 nm, respectively.  Three orders greater minority carrier 
collision rate with defects is probably one of the origins of lower radiative efficiency in p-type 
InN films than that of n-type samples. 
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5.1 Accepter nature of nonradiative recombination centers 
Figure 5.1 shows the near-infrared PL spectra of N-polar (Fig.5.1 (a)) and In-polar 
(Fig.5.1 (b)) p-type samples at 11 K.  In the N-polar samples, the band-edge emission around 
0.67 eV and the emission from the Mg-related localized states around 0.55–0.60 eV are 
observed in all samples.  On the other hand, in the In-polar samples, only the emission from 
the Mg-related localized states are observed except for the sample of [Mg] 4×10
17
 cm
-3
.  The 
results of further investigation of the PL properties of both polar p-type samples are shown 
below. 
Figure 5.2 shows a schematic illustration of carrier recombination processes in p-type 
InN samples at low temperatures (LTs) based on the result of mid-IR PL measurement (Chapter 
4) and PL spectra of both polar p-type InN films.  Deep states observed around 0.32 eV are not 
contained in this figure.  It is possible that the local lattice temperature is increased by 
 
Figure 5.1 PL spectra for Mg doped InN samples at 11 K. (a) N-polar samples. (b) In-polar 
samples. Each top spectrum in (a) and (b) is Mg doped n-type samples. 
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the localization of phonons that are emitted by the carrier energy relaxation to each band edge 
and by the nonradiative recombination processes (denoted by dashed arrows in Fig. 5.2). The 
increase in the local lattice temperature leads to the increase in the nonradiative recombination 
rate by the supply of the activation energy and carrier kinetic energy.  
In this section, we discuss two elemental processes of nonradiative recombination.  
One is the carrier transport to the nonradiative recombination centers.  The other is the electron 
transition processes from the conduction band (CB) to the valence band (VB) via deep states.  
Figure 5.3 shows the integrated PL intensity for these samples.  In the same Mg doping density 
region, In-polar samples show lower integrated PL intensity than that of N–polar samples.  
Figure 5.4 shows the result for the excitation power dependence of the PL intensity for these 
p-type samples at 11 K.  Mg doping density for N-polar sample is 1.9×10
19
 cm
-3
.  It for 
In-polar samples are 4.0×10
18
 cm
-3
, and 1.0×10
19
 cm
-3
, respectively.  PL spectra for In-polar 1 
and In-polar 2 in Fig. 5.4 are denoted in Fig. 5.1 (b).  In N-polar sample, it was observed that 
the emission from the localized states increases superlinearly, and band-edge emission tends to 
saturate with increasing the excitation laser power. This result indicates that the transportation 
 
Figure 5.2 Schematic illustration of carrier recombination processes in In-polar and N-polar 
p-type samples at low temperatures. 
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rates of the delocalized carriers to localized states and nonradiative recombination centers 
increase with increasing excitation laser power.  Therefore, the processes that supply the 
activation energy and carrier kinetic energy by the phonon emission (indicated in Fig. 5.2 by 
dashed arrows) affect the carrier transport and recombination processes.  On the other hand, in 
the In-polar samples, the emission from the localized states also tends to saturate with 
increasing excitation laser power, and no band-edge emission is observed. These results indicate 
a higher density of nonradiative recombination center or a higher transportation rate of electrons 
to nonradiative recombination centers for In-polar InN.  With regard to the density of 
nonradiative recombination center, for a series of unintentionally doped In-polar and N-polar 
n-InN samples, the In-polar samples showed greater PL intensity than that of the N-polar 
samples. Further, integrated PL intensity tends to increases with increasing the Mg doping 
density in both polar p-type samples (Fig.5.2).  Thus, the factor of nonradiative recombination 
center density is eliminated as the origin of the smaller 
 
Figure 5.3 Integrated PL intensity for In-polar and N-polar p-type InN samples at 11K. 
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Figure 5.5 Hole scattering rate of In-polar and N-polar p-type InN samples as a function of Mg 
doping density. 
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Figure 5.4 Excitation power dependence of integrated PL intensity for In-polar and N-polar 
p-type samples at 11 K. 
10
1
10
2
10
-1
10
0
 N-polar (Localized)
 N-polar (Band Edge)
 In-polar 1(Localized)
 In-polar 2(Localized)
11 K
 
 
P
L
 i
n
te
n
si
ty
 (
ar
b
.u
n
it
s)
Excitation power (mW)
68 
Chapter 5 
PL intensity for In-polar p-InN.  In the Mg-doped n-type samples, smaller electron scattering 
rate perpendicular to the c-axis (p┴) is obtained in the In-polar samples than in the N-polar 
samples (In-polar; p┴ = 0.7–0.9×10
13
 s
-1
, N-polar; p┴ = 1.4–1.9×10
13
 s
-1
).  Figure 5.5 
shows the hole scattering rate of In-polar and N-polar p-type samples as a function of Mg 
doping density obtained by the analysis of IR reflectance spectra at room temperature (RT).  
Hole scattering rate of these samples show no difference between the In-polar and N-polar 
samples.  These results show a larger nonradiative recombination rate of delocalized carriers in 
In-polar samples, which have larger electron mobility than the N-polar samples.  Thus, the 
nonradiative recombination rate is affected by the carrier transport processes.  Because of the 
larger electron transportation rate to the nonradiative recombination center within the radiative 
lifetime for In-polar samples, the rate of phonon absorption causing the activation of 
nonradiative recombination is larger for In-polar samples (Fig. 5.4).  It is expected that the 
nonradiative recombination processes are initiated by electron capture at the defects of an 
acceptor nature.  
 
5.2 Minority carrier transport effect on nonradiative recombination 
rate - The origin of low radiative efficiency in p-type InN films - 
In this analysis, nitrogen polar (N-polar) samples were utilized because of the achieving 
of higher hole density p-type by Mg doping than that in indium polar (In-polar) samples.  
Figure 5.6 shows hole scattering rate of the comporrnent of perpendicular to the c-axis direction 
of p-type samples obtained by the analysis of IR reflectance spectra at RT.  Hole scattering rate 
increases with increasing the [Mg] doping density.  Fujiwara et al. discussed hole scattering 
mechanism in p-type InN films by comparing experimental result with their calculation based 
on partial wave expansion method. [1]  They concluded that LO phonon scattering and neutral 
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impurity scattering are the main processes in hole scattering.  This neutral impurity originates 
from inactive Mg atoms, which were doped as accepter.  Especially, at the low Mg doping 
density limit, LO phonon scattering process is the dominant one.  In n-type samples, electron 
scattering rate shows anisotropy, and this anisotropic scattering nature originates from threading  
dislocations. [2]  Holes in p-type samples also show anisotropic nature because of the 
dislocation scattering. [3]  
Figure 5.6 shows the dependence of the hole scattering rate in p-type InN films, obtained 
by IR reflectance measurements, on Mg doping density. The intercept obtained by linear fitting 
is approximated as the scattering rate of minority carriers that is 0.6×10
14
 s
-1
 at RT.  Carrier 
mean free paths l is calculated by using the following equation.  
 
*
j
B
thjj
3
m
Tk
vl                                                     (5-1) 
 
 
Figure 5.6 Hole scattering rate of p-type samples as a function of [Mg] doping concentration. 
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Here, is the carrier scattering time, mj
*
 is the effective mass, and subscript j = e for electrons, 
and j = h for holes.  kB is Boltzmann constant, T is crystal temperature.  On the basis of this 
equation, the hole mean free path as minority carriers has been calculated approximately 15 nm 
at room temperature.  Hole mobility as minority carrier is estimated to be 47 cm
2
/Vs when we 
adopted the effective hole mass of 0.60 m0.  Chen et al. obtained bipolar mobility in undoped 
InN film by time resolved transient grating technique, and estimated the hole mobility as 
minority carrier to be 39 cm
2
/Vs at room temperature.  Mean free path of holes as minority 
carrier is estimated to be 12 nm. [3]  Nargelas et al. also reported the minority carrier hole 
mobility of 40 cm
2
/Vs by using the same method. [4]  Electron mean free path as minority 
carriers have also been estimated by the electron scattering rate of Mg doped n-type sample 
([Mg ]= 1.4×10
18
 cm
-3
), and its value is approximately 170 nm at RT. [5]  Therefore, electron 
collision rate with nonradiative recombination centers within the radiative lifetime is one order 
greater than that of holes.  Further, when we consider the three dimensional transport, electron 
 
 
Figure 5.7 Schematic illustration of carrier collision processes with defects within the 
radiative lifetime. The mean free path (MFP) of electrons is larger than that of holes by one 
order magnitude. Thus, it becomes larger collision rate of electrons with nonradiative centers 
within the radiative lifetime.than that of hole by three orders 
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collision rate with nonradiative recombination centers is greater than that of holes in n-type InN 
by three orders of magnitude at RT.  Thus, 3 orders greater minority carrier collision rate with 
defects is probably one of the origins of lower radiative efficiency in p-type InN films than that 
of n-type InN films. [5]  
The effect of minority carrier transport processes on nonradiative recombination rate was 
shown experimentally by the results in this chapter.  The remaining issue is the effect of 
thermal activation processes of recombination channel on nonradiative recombination rate.  
Investigation of this effect is described in chapters 6 and 7. 
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Chapter 6 
Elementary processes of nonradiative recombination in 
view of configuration coordinate diagram 
 
Abstract 
Energy structure of electron-lattice system at a nonradiative recombination center is 
investigated on the basis of the analysis of temperature dependence of PL intensity using rate 
equations both for n-type and p-type samples.  The defect species acting as nonradiative 
recombination center independent of the defects increase with increasing Mg doping density and 
the reduction of Fermi energy level.  Obtained results indicate that the difference in the 
obtained thermal activation energy value between n-type and p-type InN films originates from  
the difference in the electron occupation condition in the energy structure of the same defect 
species rather than the difference in the defect species.  Thermal activation energies of 
nonradiative recombination in p-type and n-type films are obtained as 9-15 meV and 30-65 meV, 
respectively.  Since the nonradiative recombination center has acceptor nature, the activation 
energies of the n-type and p-type samples are attributed to the energies required for the 
transition from the excited state of an electron in the conduction band and a hole in the valence 
band to the mid-gap state of electron-capture and the transition from this mid-gap state to the 
ground state that an electron-hole pair is annihilated.  Smaller PL intensity of p-type samples 
than that of n-type one partly originates from the smaller activation energy of the electron 
capture. 
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6.1 Nonradiative recombination model in InN 
Figure 6.1 shows the integrated PL intensities at room temperature and 14 K and carrier 
density as a function of doped Mg density [Mg]. [1]   Excitation source was a laser diode 
emitting continuous wave (cw) 974 nm, and excitation power was 60 mW.  Excited carrier 
density was estimated to be on the order of 10
15
 cm
-3
.  Integrated PL intensity drastically 
decreases when the Mg doping density becomes over 1×10
18
 cm
-3
, i.e. a condition of almost 
complete accepter compensation. [2]  PL intensity in the Mg over doping region (III) is higher 
than that in p-type region (II).  Since the defect density in region III is probably greater than 
that in region II, the higher PL intensity in region III indicates that majority carrier density is the 
dominant factor for PL intensity.  It is thought that this fact originates from that the radiative 
recombination rate is proportional to the product of minority carrier density and majority carrier 
density.  The PL efficiency of undoped InN is given by )/( 00100 ete nBnBnB  , where B0, B1, 
. 
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Figure 6.1 Integrated PL intesnity and carrier density as a function of doped Mg density. 
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ne0 and nt denote the radiative recombination rate coefficient, nonradiative recombination rate 
coefficient, the residual electron density, and density of the occupied deep states of nonradiative 
recombination centers, respectively.  PL intensites for p-type samples at room temperature 
(RT) in Fig. 6.1 are below the detection limit, even for high hole density of 10
18
 cm
-3
.  Under 
pulse excitation condition, the calculated highest excited carrier density was 6×10
17
 cm
-3
 for a 
lifetime of 0.1 ns.  This density was nearly equal to the residual electron density, which 
produces B0ne in p-type InN comparable to that in undoped InN even at 14 K.  However, under 
this excitation condition, PL intensity of p-type InN films was found to be no more than 0.6% of 
that of undoped InN films at 14 K. [3]  This result implies that the energy emitted by the 
carrier relaxation is a possible source of the activation energy for the carriers to be captured by 
nonradiative recombination centers, and that the smallness of the majority carrier density in 
p-type InN at 14 K does not account for the weak PL intensity. 
On the basis of these results and PL spectra for n-type and p-type InN films as shown in 
Fig. 6.2, a model of carrier recombination processes in n-type and p-type InN films are 
constructed as shown in Fig. 6.3.  As described in chapter 5, nonradiative recombination center 
is accepter nature.  The rate equations proposed by Ishitani et al. are adapted for the analysis of 
n-type InN including Mg doping samples.  The mid-infrared emission via deep states was 
neglected in the following analysis of carrier recombination processes, because its intensity was 
lesser than that of band edge emission by one order or more both at RT and low temperature.  
In the case of p-type samples, the rate equations for two hole states of the valence band 
and localized state were constructed.  Figure 6.4 shows the PL spectrum at 75 K of the sample 
with [Mg] of 1.8×10
18
 cm
-3
 under a continuous excitation of 60 mW.  The PL spectra of p-type 
InN films were decomposed into two peaks.  First, a spectrum was fitted by a double peak 
Gaussian function.  The Gaussian peak on the higher energy side was attributed to the 
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Figure 6.3 Schematic illustration of carrier recombination model in n-type InN films. H. L. 
states shows hole localization states. 
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Figure 6.2 PL spectra for N-polar InN samples. The top one shows the spectrum of undoped 
InN.  Sample of [Mg] = 1×10
17
cm
-3
 is Mg doped n-type InN. Samples of [Mg]＝
2×10
18
cm
-3
, 6×10
18
cm
-3
, and 1×10
19
cm
-3
 are p-type films.  Sample of [Mg] = 1×10
20 
cm
-3
 is 
an n-type film due to over doping. 
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band-edge emission.  The spectrum obtained by the subtraction of band-edge emission 
spectrum from the full experimental spectrum was attributed to the radiative emission of 
electrons and localized holes.  This hole localization states are thought to originate Mg 
accepters and some other shallow defect states near the top of the valence band.  The following 
is a set of rate equations for free holes (in valence band: h1) and the localized holes (h2).  
Nonradiative recombination is taken into account only for the free holes: h1.  
 
2221112202
2
122111211101
1
LnFnFnnB
dt
dn
LnFnFnnBnnB
dt
dn
hheh
h
hheheh
h


                              (6-1) 
  
Figure 6.4 Example of PL peak separation of p-type InN with Mg doping density 1.8 × 10
19
 
cm
-3
 at 75 K. Open circles shows the experimental data. Red line shows the result of band edge 
emission fitted by Gaussian function. Blue line shows the spectrum deducts band-edge 
emission (red line) from the full experimental spectrum (Open circle). 
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B01, B02, B1, Fij (i, j = 1,2) show the rate coefficient of the band-edge radiative recombination, 
rate coefficient of the radiative recombination via hole localization states, nonradiative 
recombination rate coefficient, and hole transition rate between the valence band and 
localization states, respectively.  L1 and L2 show the carrier excitation rate in the valence band 
and localization states. nh1, nh2, and ne show the densities of free holes, localized holes, and 
electrons in the conduction band, respectively.  The expression of the ratio B1/B01 using 
integrated PL intensity for band-edge emission (I1) and emission via localization states (I2) 
under a cw excitation condition was obtained from the sum of Eqs. (6-1) as follows: B1/B01 = ( L 
- I2 ) / I1 - 1, where L was the sum of L1 and L2.  B1/B01 was expressed as 
   TkET Bnr /exp 

.  The Boltzmann constant is denoted by kB and the activation energy 
for nonradiative recombination is denoted by Enr.  When the mean free path calculated from 
the product of carrier velocity vc and the carrier scattering time 1/c, that was approximated by 
1/p (p: plasmon scattering time), is greater than the mean distance of the nonradiative 
recombination centers,  equals 1/2.  Since the increase in p of undoped InN film as the 
temperature increases from 5 to 100 K is found to be within 20%, the electron scattering rate in 
p-type InN films is weakly dependent on the temperature in this range.  Thus  was estimated 
to lie between 0 and 1/2.  Analytical formula was obtained as follows. 
 
 


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




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Tk
E
CT
IL
TI
nr
PL
B
2
exp1 
                                             (6-2) 
 
Derivation process of Eq.(6-2) is described in Appendix. 
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6.2 Rate equation analysis of thermally activated nonradiative 
recombination processes 
Temperature dependence of integrated PL intensity was analyzed on the basis of the 
obtained analytical formula.  Figure 6.5 (a) shows the representative temperature dependence 
of PL spectrum for N-polar undoped InN film with residual electron density of 1.2×10
18
 cm
-3
.  
The temperature dependent integrated PL intensity and the result of the fitting by Eq. (2-5) of 
this sample is also shown in Fig.6.5 (b).  Excitation source was a 974 nm laser diode. 
Excitation laser power was 60 mW. Excitation carrier density was estimated to be 
approximately 7.5×10
15
 cm
-3
.  Crystal temperature was controlled by He-cycled cryostat in the 
range from 20 to 290 K.  Obtained activation energy for nonradiative recombination was 47 ± 
5 meV.  
     Figure 6.6 (a) shows the representative temperature dependent PL spectra for N-polar 
p-type InN film with hole density of 4.8×10
18
 cm
-3
.  Crystal temperature was controlled by 
He-cycled cryostat in the range from 14 K to 300 K.  Excitation source was a 974 nm 
 
Figure 6.5 (a) Temperature dependence of PL spectra for N-polar undoped InN film. (b) 
Temperature dependence of integrated PL intensity.  
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laser diode. Excitation laser power was 60 mW.  Excitation carrier density was obtained to be 
approximately 7.5×10
15
 cm
-3
.  Mg doping density for this sample was obtained to be 1.8×10
19
 
cm
-3
.  Band-edge emission was completely quenched in the temperature range up to 100 K.   
PL intensity up to the temperature range of 130 K was below the detection limit of InAs 
photo-detector.  Temperature dependent integrated PL intensity also shows in Fig 6.6 (b).  
Fitting results are shown in Fig.6.6 (c) and (d).  Activation energy was obtained to be 11 
  
 
Figure 6.6 (a) Temperature dependent PL spectra for p-type InN with Mg doping density 
1.8×10
19
 cm
-3
. (b) Temperature dependent integrated PL intensity. (c) Fitting result of 
temperature dependent PL intensity by using Eq. (6-4) when = 0. In the case of = 1/2 is 
also shown in (d). 
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meV and 9 meV when the  = 0 and 1/2, respectively.  At a lower excitation laser power of 20 
mW, activation energy was estimated to 15 meV at most. 
 
                
 
Figure 6.7 shows the obtained activation energies for n-type, p-type and Mg over doping 
n-type samples as a function of [Mg].  Obtained activation energy for n-type samples including 
Mg doped n-type and over doped n-type samples were in a range of 30-65 meV.  This is almost 
the same value with the result of In-polar undoped InN samples. [4]  On the other hand, 
activation energies for p-type samples was obtained to be in a range of 9-15 meV.  As shown in 
Fig. 6.1 and Fig. 6.7, both integrated PL intensity and activation energy increase when [Mg] is 
over 1×10
20 
cm
-3
 which is in the over doping n-type region.  Thus, the difference of the 
activation energy between n and p-type samples is probably independent of the defect species 
related to the Mg doping.  One of the differences in the carrier recombination processes 
 
Figure 6.7 Activation energy as a function of Mg doping density. Plot on the ordinate line is 
for undoped n-type InN. 
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between n and p-type samples is electron occupation probability in deep defect states.  Because 
of the degeneration of the conduction band in n-type InN films, deep states are constantly 
occupied by electron.  It is expected that the difference in the obtained activation energy 
between n and p-type InN samples reflects the difference in the effective activation energy 
expressed by the configuration coordinate diagram as described in chapter 2.3.  
 
6.3 Configuration coordinate diagram around nonradiative 
recombination center  
For the deep states by point defects or complexes such as oxygen center in GaAs and GaP, 
configuration coordinate diagram was adapted as the model of nonradiative carrier 
recombination processes with lattice relaxation. [6, 7]  According to the result of the analysis 
of carrier capture processes described in chapter 5, the candidate of the nonradiative 
recombination center is point defects or complexes of accepter nature.  Thus, configuration 
 
 
Figure 6.8 Configuration coordinate diagram for nonradiative recombination center in InN 
films. 
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coordinate diagram is valid for the nonradiative carrier transition processes via deep states in 
InN films.  Figure 6.8 shows a model of configuration coordinate diagram for InN films. The 
state of a captured electron is denoted by (t.e+f.h).  Obtained activation energy in n-type and 
p-type samples reflects the effective potential barrier in nonradiative recombination processes, 
i.e. potential barrier for electron capture or hole capture.  In the case of p-type samples, the 
capture states are not occupied by electrons.  Thus, in the case of deep states located near the 
mid-gap, electronic transition to the ground state without activation energy for hole capture 
probably occurs in p-type InN.  Activation energy for electron capture (Eact
e
) is the dominant 
activation energy in the nonradiative recombination process of p-type samples. On the other 
hand, in the case of n-type samples, a deep state is constantly occupied by an electron.  Thus, 
activation energy for hole capture (Eact
h
) is the dominant activation energy in the nonradaitive 
recombination process. Therefore, activation energies for the electron capture and hole capture 
are estimated to be 9-15 meV and 30 -65 meV, respectively.  Electronic transition to the ground 
state without any energy supply occurs when the condition   1/ etheacthact  EEE  is satisfied. 
[8]  On the basis of obtained activation energy: 9-15 meV for electron capture and 30-65 meV 
for hole capture, this process occurs when the Eth
e
 > 50 meV.  Thus, small activation energy 
and electronic transition to the ground state occurs without any energy supply are probably the 
origins of larger nonradiative recombination rate in p-type InN than that of n-type samples. 
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Chapter 7 
Activation of nonradiative recombination processes 
 
Abstract 
The nonradiative recombination activation process is investigated as the process of phonon 
supply to the electron-lattice system at the recombination center of a crystal defect.  Phonon 
localization or the thermal conductivity around the photo-excited area is analyzed by 
determining the energy shift of the peak energy of the E2 (high) mode in the Raman spectrum 
with increasing excitation power.  Here, the peak shift of the E2(high) mode is assumed to be 
caused by the thermal expansion of lattices.  The decrease in PL intensity with decreasing 
thermal conductivity is studied to show the process of the activation of nonradiative 
recombination channels.  LA phonons, which have energy dispersion including the activation 
energy of nonradiative recombination, show a scattering rate in the range of 0.8-1.6×10
12
 s
-1
.  
This rate increases with decreasing PL intensity.  It is concluded that the enhancement of 
nonradiative recombination rate by phonon absorption can be quantitatively analyzed by the 
phonon mode energy shift or phonon lifetime observed by Raman spectroscopy. 
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7.1 Correlation between the PL intensity and thermal conductivity 
Figure 7.1 shows the residual electron density (ne0) dependence of the PL intensity at 
room temperature.  The wavelength and power density of the excitation laser were 974 nm and 
3.2 W/cm
2
, respectively.  The excited carrier density was estimated to be approximately 
1.2×10
14
 cm
-3
.  By taking account of the high electron density leading to the degeneration of 
conduction band, the exitonic effect was neglected; the radiative recombination rate was thus 
assumed to be the product of the electron density ne0 + ne, the hole density nh, and the 
recombination rate coefficient B0.  Here, the excited electron density ne was neglected in 
comparison with the residual electron density ne0.  Thus, the PL intensity was normalized using 
the residual electron density （IPL/ne0）.  As shown in Fig. 7.2, IPL/ne0 decreases with increasing 
residual electron density.  Figure 7.3 shows the parameter C2 obtained from the 
temperature-dependent PL intensity fitted by the analytic formula (2-5).  C2, which is the 
pre-exponential factor for the thermal activation term, reflects the density of nonradiative 
recombination centers and the transition matrix element of nonradiative recombination. [1]  
 
 
Figure 7.1 PL intensity as a function of residual electron density. 
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Although IPL/ne0 decreases with increasing residual electron density, C2 shows no dependence on 
the residual electron density.  This result indicates that the reduction of the IPL/ne0 is 
determined by not only the increase in the density of nonradiative centers but also other factors 
independent of the residual electron density.  Levander et al. reported the thermal conductivity 
of InN films and its dependence on the density of donor-type defects generated by ionized 
particle irradiation; it was determined that the thermal conductivity decreases with increasing 
 
Figure 7.3 Residual electron density dependence of IPL/ne0 and C2. 
10
17
10
18
0
5
10
15
20
25
 I
PL
/n
e0
 
I P
L
 /
 n
e
0
 (
ar
b
.u
n
it
s)
Carrier density (cm
-3
)
0.0
0.5
1.0
1.5
2.0
2.5
3.0
 C
2
 C
2
 (
1
0
3
)
 
Figure 7.2 PL intensity normalized by residual electron density (IPL/ne0) as a function of 
residual electron density at room temperature. 
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donor-type defect density.  On the basis of the Klemens model, in which the change in thermal 
conductivity is caused by the mass difference of atoms due to point defects, they predicted that 
the reduction of thermal conductivity originates from the increase in the density of indium (In) 
metal vacancies. [2, 3]  Van der Walle et al. calculated the formation energy of In vacancies 
and showed that the formation energy decreases with increasing electron Fermi level energy.  
This result indicates that the density of In vacancies increases with increasing residual electron 
density. [4]  For the present samples, Uedono et al. observed that the density of In vacancies 
increases with increasing residual electron density using the positron annihilation technique. [5]  
Thermal conductivity was characterized by the mean free path of acoustic phonons, where it 
was assumed that the activation energy of the nonradiative recombination processes is partly 
supplied by LA phonon collisions. 
Figure 7.4 shows the excitation power dependence of the peak energy position of the E2 
(high) mode observed by Raman scattering measurements.  The excitation source was a 
532-nm laser diode.  The excitation laser beam was irradiated on a region with a diameter of 
0.3 m for each sample.  Raman signals were corrected using the back-scattering configuration.  
The spectral peak position was obtained from the spectrum fitting using the Lorentz function, as 
shown in the inset of Fig.7.4.  The peak energy shifts to the low energy side with increasing 
excitation laser power.  The sample with ne0 = 8.0×10
17
 cm
-3
 showed a larger peak shift with 
increasing excitation laser power than  the sample with ne0 = 2.0×10
17
 cm
-3
.  The shift of the 
Raman peaks to the lower energy side is attributed to the thermal expansion of the lattices. [6]  
The peak energy shift observed in this measurement, which indicates thermal lattice expansion, 
shows a decrease in the thermal conductivity as a phonon localization with increasing excitation 
carrier density.  This experiment was conducted for several residual electron densities.  Figure 
7.5 shows the amount of peak shift due to the increase in the excitation power density from 
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3×10
8 
mW/cm
2
- 8×10
9
 mW/cm
2
.  The peak shift of the E2 (high) mode increases with 
decreasing IPL/ne0.  Figure 7.6 shows the phonon scattering time of the E2 (high) mode 
estimated from the peak full width at half maximum (FWHM) of the Raman spectrum.  As 
shown in Fig.7.6, the phonon scattering time decreases with increasing electron density.  In the 
 
Figure 7.5 The shift in E2 (high) mode peak obtained by excitation power dependence of the 
peak shift of E2(high) peak and IPL/ne0 dependent on electron density.  The sample with the 
electron density of 2.4×10
18
 cm
-3
 is an n-type sample of overdoped Mg. 
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Figure 7.4 Excitation power dependence of peak energy position for E2(high) mode.  Inset 
shows the Raman spectra for the sample with ne0=8.0×10
17 
cm
-3
. 
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process of nonradiative recombination by phonon emission, carrier capture occurs by carrier and 
LA phonon interaction, i.e., deformation potential interaction. [7] Thus, direct measurement of 
acoustic phonon scattering time was conducted. 
 
 
7.2 Activation of nonradiative recombination by LA phonon collision 
There are several reports of the observation of the acoustic phonon mode by resonant 
Raman spectroscopy. [8, 9]  Figure 7.7 shows the Raman spectra of In-polar undoped InN 
samples.  The excitation source was a 532-nm laser diode, and the Raman signals were 
corrected by the c-plane back scattering configuration, i.e.,  zxxz , .  The peak energy 
position for the A1(LO) like phonon mode was independent of the residual electron density.  
This was different from the case of IR measurements.  The lower branch of the LO phonon – 
plasmon coupled (LOPC) modes were not observed in our measurements, either.  The sloping 
background signal originates from the charge density fluctuation due to the intraband carrier 
 
Figure 7.6 E2 (high) scattering time dependent on electron density. 
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scattering processes. [10]  An additional small peak at around 170 cm
-1
 was also observed in 
all samples.  Davydov et al. reported that the Raman signal of LA phonons was observed at 
around 170 cm
-1
.  They identified the origin of this peak from the peak energy shift with a 
change in the excitation energy in the range 1.83–2.81 eV. [11]  The peak energy position was 
obtained by fitting a model function to the Raman spectra.  This model function is based on the 
charge density fluctuation and a parameter indicating asymmetric features.  The model 
function is described as follows, [10]  
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Figure 7.7 Raman spectra for undoped InN samples at room temperature.  ne0 on each 
spectrum shows the residual electron density for each sample. 
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, 0, q, F, and L are the phonon wave number, peak frequency, asymmetric parameter, 
phonon broadening factor, and carrier scattering time, respectively.  A and B are constants.  
Figure 7.8 shows an example of the fitting results.  The obtained parameters are summarized in 
table 7.1.  The asymmetric parameter q is independent of the residual electron density.  L is 
shown in Fig. 7.9 and decreases with increasing residual electron density.  Inushima et al. also 
reported a decrease in Lwith increasing residual electron density. [10]  The carrier scattering 
rate determined by the charge density fluctuation increases with increasing residual electron 
density.  As a result, the sloping background signal decreases with increasing residual electron 
density. 
 
 
 
 
Figure 7.8 Raman spectra for undoped InN samples.  Open circles show the experimental 
spectra.  Red lines show the result of fitting using the model function of Eq. (7-1). 
100 150 200 250 300 350 400
n
e0
= 1.9 x 1017 cm-3
n
e0
= 2.9 x 1017 cm-3
n
e0
= 8.0 x 1017 cm-3
 
 
R
am
an
 i
n
te
n
si
ty
 (
ar
b
.u
n
it
)
Stokes Shift (cm
-1
)
94 
Chapter 7 
TABLE 7.1 Fitting parameters of In-polar undoped InN samples.  Numbers in brackets are the 
errors. 
Sample No. ne0 (10
17 
cm
-3
) 0 (cm
-1
) F (cm-1) q L 
E856 1.9 170.8 (0.6) 8.9 (0.6) 3.9 (0.4) 0.22 (0.03) 
E695 2.0 171.3 (0.7) 12.2 (1.1) 3.7 (0.1) 0.17 (0.02) 
E848 2.5 173.3 (0.6) 11.0 (1.0) 4.1 (0.1) 0.14 (0.02) 
E837 2.7 170.0 (0.7) 11.4 (1.5) 3.7 (0.1) 0.17 (0.02) 
E830 2.9 171.6 (0.5) 10.0 (1.0) 4.2 (0.1) 0.12 (0.01) 
E791 3.2 164.9 (0.3) 12.0 (2.0) 3.9 (0.1) 0.13 (0.02) 
E625 6.0 171.1 (0.6) 15.7 (1.4) 3.5 (0.1) 0.16 (0.02) 
E747 8.0 169.0 (0.8) 14.0 (2.4) 2.8 (0.2) 0.07 (0.01) 
 
The phonon wave vector, assuming resonant Raman scattering, was also calculated.  
Figure 7.11 shows examples of adopted electron and hole dispersion curves.  The 
non-parabolic conduction band structure is calculated by the equation based on the Kane’s 
two-band kp perturbation model [12]:  
 
Figure 7.9 Residual electron dependence ofL. 
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Here, Eg, Ep, and m0 are the intrinsic band-gap energy of InN, momentum matrix element, and 
electron mass, respectively.  Figure 7.11 shows the results from adapting the parameters Ep=10 
eV, effective heavy hole mass mhh = 0.60 m0, and effective light hole mass mlh= 0.035 m0.  The 
density of states effective mass for electrons was obtained using the following equation. 
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                                                        (7-4) 
 
Because excitation laser energy of 2.33 eV (= 532 nm) was used, electromagnetic transition 
 
Figure 7.10 Calculated electron–hole energy band dispersion in the case of Ep=10 eV, 
m
*
hh=0.60m0, and m
*
lh=0.035m0. 
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from the heavy hole band to the conduction band determines the phonon wave vector.  In the 
case of resonant Raman scattering in InN, several research groups have reported that double 
resonant scattering conservation between the incident light and phonons follows the wave vector. 
[11, 13]  In this case, the phonon wave vector q was determined as q ≈ 2plight.  plight shows the 
light wave vector of the excitation laser. [11]  Davydov et al. reported that double resonant 
scattering with non-screened phonons occurs at the upper boundary of the Landau damping 
regime, expressed by the following condition. [11] 
 

LO
*
e
Flight
2
22


m
qp                                                  (7-5) 
 
Here, qF and LO are the Fermi wave vector and wave vector dependence LO phonon frequency, 
respectively. 

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Figure 7.11 The relationship between 2plight and the boundary of Landau damping in InN for 
several excitation laser energies. 
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effective electron mass.  In Fig. 7, calculation was conducted ignoring the LO phonon energy 
dispersion on momentum wave vector because of the small LO phonon energy dispersion.  
Non-screened phonons of the longitudinal optical branch appear at q ≈ 2plight when the above 
condition is satisfied.  Figure 7.11 shows the relationship between 2plight and the boundary 
wave vector for Landau damping for several excitation laser energies.  Thus, non-screened 
phonon modes thought to appear in our experimental conditions; the residual electron density of 
samples was on the order of 10
17
 cm
-3
 with an excitation laser energy of 2.33 eV.  Davydov et 
al. reported that in the case of Raman scattering measurement in InN films, LOPC+ mode is not 
observed because almost all the measurements were conducted in the upper boundary of Landau 
damping regime.[11]  Phonon wave vectors in resonant Raman scattering are affected by the 
energy band dispersion of electron–hole pairs.  Figure 7.12 shows the phonon wave vector as a 
function of effective heavy hole mass for several Eps, considering double resonant scattering.  
Ep and m*hh of 9 - 14 eV and 0.40 - 0.70 m0, respectively, were investigated. [14-17]  In the 
case of c-plane back-scattering configuration, phonon modes in the -K and -M directions are 
 
Figure 7.12 Dependence of the effective hole mass and Ep on the phonon wave vector q 
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thought to be observed.  Thus, momentum conservation between the electron–hole pair and LA 
phonons in the -K and -M directions was investigated.  As shown in Fig. 7.12, the phonon 
wave vectors change in the range from 3.88×10
7
 to 4.88×10
7
 cm
-1
.  Figure 7.13 shows the LA 
phonon dispersion curve calculated by Serrano et al.  The red and blue dotted lines show the 
phonon wave vector region of 3.88×10
7
 - 4.88×10
7
 cm
-1
.  With an excitation photon energy of 
2.33 eV, the obtained LA phonon energies in the -M direction are entirely smaller than the 
peak obtained by the experiments.  Thus, LA phonons in the -K direction were investigated.  
Recently, Fujiwara et al. reported the effective heavy hole mass of 0.60m0. [17]  Figure 
7.14 shows the peak energy value for the small Raman peak observed around 170 cm
-1
.  The 
average peak energy value was estimated to be 170.1 cm
-1
.  As shown in this figure, the best 
fitting was obtained for an Ep of 10 eV, which corresponds to an effective electron mass m
*
e = 
0.06 m0. 
 
 
Figure 7.13 LA phonon dispersion curve based on ref. [18] Red and blue bands show the 
energy region crossing the wave vector for electron–hole pairs in -K and -M directions, 
respectively.  The region sandwiched by the two dashed lines shows the region for the peak 
energies expected to be obtained from experiments. 
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    On the basis of a model of the configuration coordinates for nonradiative recombination 
processes, thermal activation processes and lattice relaxation processes in nonradiative 
recombination process are related to the interaction between the carriers and LA phonons. [7, 
19]  The activation rate of nonradiative recombination channels is highly affected by the 
collision of carriers with LA phonons.  Figure 7.15 shows the LA phonon scattering rate (LA) 
obtained from the FWHM of the LA phonon spectra.  The LA phonon scattering rate increases 
with increasing residual electron density.  This result reflects the fact that thermal conductivity 
decreases with increasing residual electron density.  This tendency also corresponds to the 
residual electron density dependence of the peak shift of the E2(high) mode (Fig.7.5).  The 
scattering time of holes as minority carriers obtained by IR measurements was 1.6×10
-14
 s.  
The LA phonon scattering time was estimated to be in the range of 7.0×10
-13
-1.0×10
-12
 s.  
Figure 7.16 shows the obtained LA phonon mean free path and IPL/ ne0 as functions of residual 
electron density.  The LA phonon mean free path lLA was obtained as lLA = vLA .  vLA and 
LA are the group velocity for LA phonons and LA phonon scattering time, respectively.  LA 
 
Figure 7.14 Obtained Raman peak energies (white circles) for several residual electron 
densities. Theoretical peak energy value obtained from the phonon wave vector q = 2plight of 
the LA phonon dispersion curve for -K and -M directions are also shown. Ep’s value were 
investigated in the range from 9 to14 eV. 
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phonon group velocity assumed to be 5.43×10
5
 cm/s.[11]  When we adapted the LA phonon 
group velocity at the phonon wave vector of 4.66 × 10
7
 cm
-1
 obtained by the LA phonon 
dispersion curve of  – K direction (Fig. 7. 13) ; 6.24 × 104 cm/s, LA phonon mean free path 
was estimated to be in a range of 0.4 – 0.8 nm.  The acoustic phonon mean free path for GaN 
was reported to be approximately 500 nm at RT. [20]  Conversely, the acoustic phonon mean 
free path for InN was estimated to be approximately 50 nm at RT when we used the maximum 
value of the thermal conductivity: 176 W/mK. [21]  This short acoustic phonon mean free path 
originates from the larger mass of the indium atom compared to that of gallium or aluminum 
atoms.  It is expected that this material property enhances the process of thermal activation by 
acoustic phonon collisions in the nonradiative recombination process.  This effect on the 
nonradiative recombination rate is possibly larger in InN than in GaN and AlN.  Correlation 
between the reduction of the LA phonon mean free path and the reduction of the PL intensity 
was observed.  In chapter 5, an increase in the nonradiative recombination rate with increasing 
excitation laser power was observed.  This change in the nonradiative recombination rate 
 
Figure 7.15 LA phonon scattering rate (LA) dependent on the residual electron density.  The 
dotted line is a guide for the eyes. 
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originates from the change in the carrier transport rate to the nonradiative recombination centers 
and the thermal activation rate of nonradiative recombination channels due to phonon 
localization.  Thus, the short mean free path of LA phonons affects the nonradiative 
recombination rate in InN films.  Carrier mobility decreases with increasing residual electron 
density.  Thus, the factors influencing the reduction in the PL intensity with increasing residual 
electron density include an increase in the density of nonradiative recombination centers and an 
increase in the thermal activation rate of nonradiative recombination channels due to LA phonon 
localization. 
 
  
 
Figure 7.16  Residual electron density dependence of LA phonon mean free path and IPL/ne0. 
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Chapter 8 
Conclusion 
 
Among the processes reducing the internal quantum efficiency of light emitting 
semiconductor devices, nonradiative carrier recombination via deep states, Auger recombination, 
surface recombination have been investigated.  Since fundamental material properties were 
focused, the structural factors such as the decline of emission intensity due to carrier leakage 
from quantum well structures were out of scope.  A III-nitride material of InN was focused 
because of its peculiar properties: large phonon energy of about twice the value of GaAs and 
electron-phonon interaction strength of about 3 times the value of GaAs, in spite of the high 
electron mobility up to nearly 5000 cm
2
/Vs.  This thesis was devoted to nonradiative carrier 
recombination processes, in particular, the processes by phonon emission.  InN films with 
residual electron density in a range of 1.9-11.0×10
17
 cm
-3
 were investigated.   
The Auger recombination and surface recombination rates were theoretically calculated 
using the carrier density of the present samples and other already-known physical properties.  
For this residual electron density, it was found that Auger recombination was not the dominant 
recombination process.  In PL measurements at low temperature, the spectrum did not 
extended to high emission energy more than 0.8 eV.  The proportion of surface region in the 
excitation volume was only 5% or lower.  Therefore, the surface recombination was not the 
dominant recombination process, either.  This result is consistent to the estimated carrier flow 
based on the band bending structure around the surface.  
By the mid-infrared PL measurements for the wavelength up to 17 m, the emission with 
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the energy of 0.32 eV was found, while this emission intensity was less than 10% of the 
intensity of the near-band edge emission.  On the basis of these results, the dominant process 
of the loss of the near band-edge emission was concluded as nonradiative recombination around 
the crystal defects with emission of phonons.  In the temperature dependence of PL intensity, 
the intensity at low temperature limit showed the dependence on edge-type threading 
dislocation density, while the decline of the intensity with the increase in temperature was 
independent of the dislocation density.  From the analogy to the other nitride semiconductors, 
point defects or complexes were thought to be the origin of nonradiative recombination centers.  
In the vicinity of the dislocations, the conduction band minimum is estimated to be located 
several hundreds of meV below the Fermi level in the case of the reported surface electron 
accumulation region.  This condition of Fermi level indicates that there are many electrons 
with enough energy to overcome the activation energy of nonradiative recombination processes. 
The carrier recombination rate of this type is determined by the factors of 1. species of the 
recombination center and its density, 2. the minority carrier collision rate with nonradiative 
recombination centers, 3. cross section of the nonradiative recombination process , in particular, 
thermal activation probability of carrier-lattice system around nonradiative recombination center.  
In this thesis the latter two factors were focused. 
Integrated PL intensity of p-type samples was weaker than that of n-type samples by 3 
orders or more.  The difference of minority carrier diffusion length and defect density was the 
possible candidates causing the distinct difference in the PL intensity.  Since the PL intensity 
showed no significant variation as [Mg] increases in n-type region of shallow doping, while 
the intensity showed drastic decline in p-type region and increase in over doped region of 
n-type conductivity.  This result shows the origin of the weak PL of p-type samples does not 
come from the difference in defect density, but the difference in carrier diffusion length.  
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Mean free path for holes as minority carriers was obtained to be 15 nm, and that for electrons 
was 170 nm at room temperature.  Thus effect of factor 2 “the minority carrier collision rate 
with nonradiative recombination center” has been extracted from the experimental results. 
It was found that the hole mobility difference between N-polar and In-polar p-type 
samples was no more than 7%.  For electrons the samples of In-polarity showed larger 
mobility than those of N-polarity.  Since the PL intensity of N-polar p-type samples showed 
more intense spectrum, it was revealed that the nonradiative recombination center is accepter 
nature.  The finding of these series facts enables us to a model of configuration coordinate 
diagram. 
Thermal activation energy for the electronic transitions to the deep states and that to the 
ground state were obtained as 9-15 meV and 30- 65 meV, respectively.  The activation energies 
for p-type and n-type samples are 9-15 meV and 30- 65 meV, respectively, and reflect the 
difference of the electron occupation probability of the deep states.  Thus the energy diagram 
of the electron-lattice system at a recombination center of InN has been obtained in this study. 
Phonon localization or the thermal conductivity around the photo-excited area was 
analyzed by the energy shift of the peak energy of E2(high) phonon mode as the increase in the 
excitation power in Raman spectra.  PL intensity decreased by the increase in the phonon 
localization induced by the increase in excitation power and also by the decrease in the thermal 
conductivity by the increase in residual electron density.  The numerical data of thermal or 
phonon conductivity would enable us to estimate the phonon occupation factor in the excited 
area, which shows the phonon collision rate.  Residual desired information is the cross section 
of the electron capture by nonradiative recombination center or activation cross section of the 
nonradiative process.  LA phonons have the energy dispersion range including the activation 
energy of nonradiative recombination, and generated by the decay of optical phonons.  The 
108 
Chapter 8 
scattering rate of LA phonon with the energy of 21 meV was found to be in a range of 
0.8-1.6×10
12
 s
-1
.  Both of this rate and PL intensity decreased with the increase in the residual 
electron density.  It was concluded that the localization of LA phonons leads to the 
enhancement of nonradiative recombination rate.  For further analysis of phonon absorption 
cross section by defects would be conducted by the Raman measurement using various 
wavelength of excitation laser, which shows the dependence of scattering rate of LA phonons on 
the phonon energy. 
In the analysis of rate equations, the rate coefficient of each elemental process is usually 
assumed to be independent of excitation condition, carrier diffusion length, or thermal 
conductivity affected by the densities of crystal defects, however the result of this thesis shows 
that this assumption is not valid, in particular, in high temperatures around room temperature or 
more, and that the change of the device operation condition possibly produces the 
distinguishable variation of the result of the analysis.  This thesis on the numerical analysis of 
carrier diffusion length, thermal or phonon conductivity, the LA phonon lifetime and their 
dependence on PL intensity shows the possibility of the numerical analysis of nonradiative 
carrier recombination rate. 
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Appendix 
 
A.  Derivation process of the analytical formula (2-5). 
     Rate equations for n-type InN including Mg doped samples are described as follows. 
 
22211120202
2
12211120110101
1
exhheh
h
exhheheh
h
LnFnFnnB
dt
dn
LnFnFnnBnnB
dt
dn


                            (A-1) 
 
nh1 and nh2 show the hole densities in the valence band and localization states, respectively.  B01, 
B02 B1, Fij (i,j = 1, 2) show the radiative recombination rate coefficient for carriers in the valence 
band, radiative recombination rate coefficient for carriers in the localization states, nonradiative 
recombination rate coefficient, and hole transition rate between the valence band and  
localization states, respectively.  Lex1 and Lex2 show the hole generation rates of valence band 
and localization states, respectively.  In the case of static state, left parts of Eq. (A-1) is set to 
zero, and equations (A-1) become as follows. 
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                                     (A-2) 
 
In this thesis, the photon energy of the excitation laser utilized in the PL measurements is in a 
range of 0.8 – 1.2 eV, which is larger than the band-gap energy by 200-400 meV.  From the 
absorption spectrum as shown in Fig. 3.5, energy position of absorption-edge corresponds to the 
energy for band-edge.  It is expected that almost all the excited carriers relax to the 
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nonlocalization state (band-edge), and little carriers excited directly in the localization states.  
Thus, almost all the holes are excited in the valence band (Lex1 >> Lex2), and Lex2 assumed to be 
zero. From the Eq. (A-2), hole density nh1 and nh2 are expressed as follows. 
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PL intensity IPL is expressed as follows. 
 
0202101 )( ehhPL nnBnBI                                                (A-5) 
 
Here,  denotes the PL detection efficiency of the measurement system. Equation (A-3) and Eq. 
(A-4) are substituted into the Eq. (A-5), and then following equation is obtained. 
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Nonradiative recombination rate and hole transition rate from the localization states to the 
valence band are assumed to be proportional to exp(-Ej/kbT) (Ej: activation energy), and 
expressed by thermal activated form as follows. 
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Here, E1, and E2 denote the thermal activation energies of holes from the localization states to 
the valence band and nonradiative recombination, respectively.  Boltzmann constant is denoted 
by kb and T is crystal temperature.  G1, G2, and D1 are constants.  By multiplying the 
numerator and the denominator of Eq. (A-6) by 1/B01∙B02, and substitute Eqs. (A-7)- (A-9) into 
Eq. (A-6), Eq. (A-10) and (A-11) are obtained. 
 
10
0201
2112
02
21
01
12
01
1
02
21
01
12
11
1
exePL Ln
BB
FF
B
F
B
F
B
B
B
F
B
F
I 














                           (A-10) 
 
10
1
1
21
21
2
21
1
11
expexpexp1
exp1
exe
bbb
b
PL Ln
Tk
E
G
Tk
EE
GG
Tk
E
GD
Tk
E
GD
I 











 














  (A-11) 
 
By multiplying the numerator and the denominator of Eq. (A-11) by 1/(1+D1), Eq. (A-12) is 
obtained. 
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A1, A2, and A3 are constants.  I0 (= ne0Lex1) shows the PL intensity at 0 K.  The density of states 
for the localization states is assumed to be far smaller than that for the valence band.  Thus, 
when the condition F21>>F12 is valid, A1, A2, and A3 become far larger than 1.  From the PL 
spectrum of n-type InN at low temperature, band-edge emission is the dominant emission 
process.  Thus, it is expected that hole transition rate from the localization state to the valence 
band (F21) is far larger than the radiative recombination rate via localization states (B02nh2ne0).  
Following relation is valid. 
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Here, F* and E12 denote the constant and activation energy from the localization states to the 
valence band.  In the above condition, ignore the 1 and multiply the numerator and 
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denominator by A1exp(-E1/kbT), Eq. (A-16) is obtained. 
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Here, C1 (=A1/A2) and C2 (A3/A2) are constants. 
 
B.  Derivation process of the analytical formula (6-2). 
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B01, B02, B1, Fij (i, j=1,2) show rate coefficient of the band-edge radiative recombination, rate 
coefficient of the radiative recombination via hole localization states, nonradiative 
recombination rate coefficient, and hole transition rate between the valence band and 
localization states, respectively.  L1 and L2 show the carrier excitation rate in the valence band 
and localization states. nh1, nh2, and ne show the densities of free holes, localized holes, and 
electrons in the conduction band, respectively.  When the static state is assumed, left parts of 
Eq. (B-1) is set to zero, and become as follows. 
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PL intensities for the band edge emission (I1) and the localization sates (I2) are expressed as 
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follows. 
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Equations (B-3) and (B-4) are substituted into Eq. (B-2), then Eq. (B-5) is obtained. 
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From the Eq. (B-5), nonradiative recombination rate B1/B0 is expressed as follows. 
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When we assume the nonradiative recombination by phonon emission processes, and the rate is 
expressed as C'∙exp(-Enr/kbT). (C' is constant)  Enr shows the thermal activation energy for the 
nonradiative recombination.  Thus, following equation is obtained. 
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Here, L = L1 + L2. C is a constant. Then, Following analytical formula is obtained. 
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